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ABSTRACT 
Contract No. NAS 9-14305 was awarded by the Urban Systems Project  O f f i ce  of 
the Johnson Space Center t o  the Resource Recovery Systems Div is ion  of the 
Barber-Colman Company t o  evaluate the quant i ty  and q u a l i t y  of the fuel gas 
produced by an a1 ready-constructed sol  i d  waste pyro lys is  sys tem. 
P i l o t -p lan t  tes ts  were conducted on simulated s o l i d  waste. Typ ica l l y ,  the feed 
was a mixture o f  50% shredded newspaper, 5% wocd waste, 3% polyethylene plas- 
t i c s ,  10% crushed glass, 8% s tee l  turnings and 24% water'. Ir, some tes ts ,  the 
feed contained 7% moisture. 
A i l  tests  were conducted a t  1400 O F  i n  CI lead-bath pyrolyser.  Cold feed was 
deaerated by ccmpl*ession i n  a screw feeder. The compacted waste dropped onto 
a moving hearth o f  mol ten lead. Pyrolyzed waste i s  scraped o f f  the end o f  the 
hearth by a paddle wheel and drop?ed i n t o  a screw conveyor which transports i t  
to  a sealed storage container. 
The sol ids were reta ined f o r  about one minute on the hearth. About 80 percent 
of the feed's organic con ten t  was converted t o  gaseous products--benzene , t o 1  u- 
ene, and a medium-quality (500 btu)  f u e l  gas; 12 percent t o  water; and 8 per- 
cent remained as p a r t i a l l y  pyrolyzed char and ta rs .  The gaseous products con- 
t a i n  over 90 percent o f  the energy inherent  i n  the incoming waste. A surplus 
i s  produced. Less trlan 50 i x r c e n t  o f  the energy avai lab le i n  the produczs must 
be used as fuel  t o  sustain the system. Actual system e f f i c i ency  ranges from 
53 t o  70 percent depending ott the e f f i c i ency  i n  u t i l i z i n g  the sensible heat of 
t h t  f l u e  gas ( from the pyro lyzer 's  radiant  heaters). 
Over <0 percent o f  the carbon i n  the feed i s  cunverted t o  benzene and toluene. 
I n  ten tests, benzene production exceeded 10 percent o f  the weight charged t o  
the pyrolyser.  A t  today's pr ices,  t h i s  represents a po tent ia l  c r e d i t  o f  over 
$25 per to? o f  s o l i d  waste. 
Most metals arid glass are no t  af fected by the shor t  exposure t o  the 1400 O F  
reducing atmospt,sre. Moreover, metal so r t i ng  i s  made easier,  because the gar- 
bage, ?a in t ,  greas? and p l a s t i c  i nsu la t i on  coatings are remved i n  pyro lys is .  
The burder: t k ~ t  must be sor ted i s  reduced by an order t o  magnitude. The system 
requires min im~* l  preprccessing. Most s o r t i n g  can be accomplished a f t e r  pyro ly -  
s is .  Excessive s ize  redl t r t ion i s  no t  necessary. 
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SECTION 1 
INTRODUCTION 
This i s  the f i n a l  report  of NASA Contract No. NAS 9-14305. It summarizes 
the resu l ts  o f  invest igat ions conducted between August 1974 and February 
1975 by the Resource Recovery Systems (RRS) D iv is ion  o f  the Barber-Colman 
Co. The contract  was administered by the Lyndon B. Johnson Space Center 
(JSC) , Houston, Texas. Mr. Richard C. Wadle and Mr. T. G. Reese served 
as the Technical Monitors. 
The ob j e c t i  ve o f  the contract was t o  evaluate the RRS PURETEC @ Pymly-  
s i s  System. Emphasis was placed on the production o f  f ue l  gas from muni- 
c ipal  s o l i d  waste. 
1.1 CDVNTAGES OF PYROLYSIS 
Pyrolysis, heat ing i n  the absence of a i r ,  promises 
o Volume and weight reductions o f  wastes fo r  u l t imate  disposal. 
o Minimal a i r  p o l l u t i o n  problems, since a i r  i s  no t  de l ibera te ly  
used i n  the process. 
o Recovery o f  the eneryy avai lable from the waste i n  the form 
o f  a usable fuel .  
o Recovery of most of the metals i n  the wastes, and 
o Conversion o f  organic wastes t o  valuable chemicals o r  chemical 
feedstocks. 
@ The PURETEC System embodies the idea o f  f l o a t i n g  the wastes on a moving 
stream of molten lead ins ide  the furnace, thereby gaining several pro- 
nounced advantages : 
o Transport - As a t ransport  mechanism, the lead stream i s  q u i t e  
i nsens i t i ve  t o  the  type and p a r t i c l e  s i ze  o f  the wastes. Every- 
th ing  (except minute amounts o f  ra re  heavy metals) w i  11 f l o a t  
along i n  the stream, requ i r ing  minimum energy and few moving 
par ts  for  transport. 
o Heat Transfer - With radiant  tubes heat ing the wast.es from above 
and the lead stream heat ing them from below, improved heat t rans-  
f e r  resul ts .  Greater hearth loading and throughput are possible. 
o Metals Recovery - The molten lead accomplishes useful  metals 
sor t ing.  Comnon metals l i k e  aluminum, i r on ,  and copper, having 
a l i m i t e d  s o l u b i l i t y  i n  molten lead, f l o a t  on the surface, are 
cleaned o f f  i n  t r a n s i t ,  and recovered i n t a c t .  The noble metals, 
t i n ,  and z inc  a1 l oy  w i t h  i t  and can be recovered pe r iod i ca l l y .  
1 .2 PROCESS E FF: CACY 
@ The PURETEC Pyrolys is  System i s  we l l  su i ted  f o r  the disposal o f  muni- 
c i pa l  sol  i d  waste. Supporting p i  l o t - p l  ant tes ts  are described i n  t h i s  
repor t .  The tes ts  were performed on a simulated s o l i d  waste--a blend o f  
newspaper, pine needles and bark, p las t i cs ,  watrtr, glass and metal turn-  
ings. I n  these tests,  the so l i ds  were reta ined f o r  about one minute a t  
1 4 0  O F .  About 80 percent o f  the feed's organic content was converted 
t o  a medium-quali t y  (500 Btu) fue l  gas; 12 percent t o  water; and 8 per- 
cent remained as p a r t i a l l y  pyr lyzed char and ta rs .  The weight and 
vo? urn were great ly  reduced thus f d c i  1 i t a t i n g  disposal . 
The gaseous products contain over 90 percent o f  the energy inherent  i n  
the incoming waste. A surplus o f  gas i s  produced. Less than 40 percent 
of the gas must be used as fue l  t o  sustain the system. Typically,the n e t  
e f f i c i ency  o f  the system i s  about 60 percent f o r  waste containing 25 per- 
cent mi s ture.  
The mol ten-lead hearth i s  an e f f e c t i v e  heat- t ransfer  agent. Rapid pyro ly-  
s i s  can be accomplished a t  re1 a t i  vely low temperatures. The gases can 
be flushed from the furnace and cooled quick ly .  The primary products o f  
pyro lys is  remain essen t i a l l y  uncracked. 
Substant ial  quanti t i e s  o f  aromatic compounds are formed. Over 40 percent 
of the zarbon i n  the feed i s  converted t o  benzene and t o l u e n ~ .  In ten 
tes ts ,  benzene production exceeded 10 percent o f  the weight charged t o  
the pyrolyser.  A t  today's pr ices,  t h i s  represents a po ten t i a l  c r e d i t  o f  
over $25 per  ton o f  s o l i d  waste. 
Most metals and glass are n o t  af fected by the shor t  exposure t o  the 
1400 O F  reducing atmosphere. Moreover, metal so r t i ng  i s  made easier,  be- 
cause the garbage, pa in t ,  grease and p l a s t i c  i nsu la t i on  coatings are re -  
mcved i n  pyro lys is .  The burden t h a t  must be sorted i s  reduced by an 
order o f  m g n i  tude. 
0 The PURETEC System requires minimal preprocessing. Most so r t i ng  can be 
accomplished a f t e r  pyro lys is .  Excessive s i ze  reduct ion i s  no t  necessary. 
1 . 3  ?ROGRAM RATIONALE 
For  the  purposes o f  t h i s  program, a t t e n t i o n  was focused on t h e  a f f e c t  o f  major  
v a r i  ables on system ou tpu t .  Those cons idered i n c l u d e d  
Feed-type, mo is tu re  con ten t ,  p a r t i c l e  s i z e  
P y r o l y s i s  Time-Temperature H i s t o r y  - s o l  i d s ,  gases 
I n  t h e  i n t e r e s t s  o f  o b t a i n i n g  a  u n i f o r m  feed  whose b a s i c  composi t i o n - - o r g a n i c s  , 
m i s t u r e ,  i ne r t s - -wau l  d  approximate t h a t  o f  n ~ u t i i c i p a l  s o l  i d  waste, i n i  t i  a1 
t e s t s  w e w  conducted w i t h  commercial d r i e d  s tppr  manure. Th is  feed  -howed such 
v a r i a t i o n s  f rom ba tch  t o  batch ,  however, t h a t  i t  was decided t o  use a s tandard-  
i z e d ,  s imu la ted  s o l  i d  whste made up o f  known percentages o f  purchased shredded 
paper wood waste, p l a s t i c s ,  g lass ,  and scrap me ta l ,  i n  accordance w i t h  n a t i o n a l  
averages. Mois ture  con ten t  was v a r i e d .  
The s i m i  l a r - i  t y  of gas p roduc t ion  w i t h  bo th  feeds d i  J i n d i c a t e  t h a t  t he  e x a c t  
s i z e  and compos i t ion  o f  t he  c e l l u l o s i c  wastes ( t h e  g r e a t  m a j o r i t y  o f  t he  o rgan ics )  
has l i t t l e  e f f e c t .  I t shou ld  be no ted  t h a t  t h e  g r e a t  m a j o r i t y  of t he  o r g a n i c  
wastes a r e  t h i n  i n  a t  l e a s t  one dimension: paper,  cardboard, c l o t h ,  p l a s t i c s ,  
l e a t h e r ,  leaves,  e t c .  k'e do n o t  propose t o  design o u r  system t o  comple te ly  pyro-  
l y z e  an i n f i n i t e s i m a l  q u a n t i t y  o f ,  say dowels, on the  f i r s t  pass. Rather, we 
w i l l  p a r t i a l l y  p v r o l y z e  and e m b r i t t l e  o rgan lc  chunks on the f i r s t  pass; c o l l e c t  
them a u t o m a t i c a l l y  i n  the p o s t - s o r t i n g  process;  r e g r i n d  them ( i n  a  s p e c i a l  sma l l  
g r i n d e r ,  i f  u s e f u l ) ;  and r e c y c l e  then1 thi3ough t h e  fu rnace  t o  e x t i n c t i o n .  There- 
f o r e ,  no  p a r t i c u l a r  t e s t s  invo1v i r .g  p a r t i c l e  s i z e  were conducted i n  t h i s  nrograiq. 
The t ime-  temperature h i s  t o r y  o f  t h e  s o l  i d s  undsrgoi  ng p y r o l y s i s  l a r g e l y  deper 
on fu rnace/hear th  temperature,  h e a r t h  loaci lng, and r e t e n t i o n  t ime,  as w e l l ,  -t 
course, as t h e  n io is ture  con ten t  o f  t h e  wastes. The l a s t  t h r e e  named were v a r i e i  
o.er ranges s f  i n t e r e s t ,  Furnace ten,kcra ture  71-oved t o  be so t i g h t l y  cons t r c ined  
however, by  upper l i m i t i n g  bounds (avoidance o f  s l a g g i n g  o r  g lass  m e l t i n g  above 
1500 O F ) ,  and lower  bounds ( p y r o l y s i s  l i q u i d s ,  hydrogen hazards below 1325" F, 
and r a d i a n t  h e a t i n g  e f f i c i e n c y )  t h a t  the  s tandard  fu rnace temperature of 1400" F 
was used. 
I n s i g h t  i n t o  the  e f f e c t s  o f  t h e  t i m e - t ~ m p e r a t u r e  h i s t o r y  o f  saseous products  was 
ob ta ined  by  v a r y i n g  t h e  gas t a k e o f f  p o i n t  f r - ~ r n  t t ~ s  c o o l e r  f e s d  end of furrlace 
t o  the  h o t t e r  back end. 
The equipment, t e s t  metnods and r e s r i l t s  a re  d e t a i l e d  i n  Sec t i on  2 .  
SECTION 2 
EQUIPMENT. METHODS AND RESULTS 
P i l o t - p l a n t  t ~ s t s  were conducted on s imu la ted  ; o l i d  waste. A1 1 t e s t s  were p e i -  
formed a t  1400 O F .  The p r i n c i p a l  i n t e n t i o n a l  l y  v a r i e d  parameters were the  r a t e  
a t  which s o l i d  waste was added and i t s  m c i s t u r e  con ten t .  Two blends o f  waste 
were i n v e s t i g a t e d .  One was formula ted by  m i x i n g  shredded newspaper, p i n e  
needles and b a r k ,  p l a s t i c s ,  g lass ,  metal t u r n i n g s  and water .  I n  t h e  o t h e r  simu- 
l a t e d  waste, t i s s u e  p u l p  was used i n s t e a d  o f  newspaper. The feed r a t e  w'ts 
v a r i e d  f rom about 25 t o  n e a r l y  100 1 b s l h r .  The mo is tu re  con ten t  ranged from 7 
t o  40 pe rcen t .  
The t e s t s  were conducted i n  a  p i l o t  p l a n t  c o n s i s t i n g  o f  the  p y r u l y s e r  and a l i  
r e q u i s i t e  s u p p o r t i n g  equipment except  a  d rye r .  I n  p r a c t i c e ,  the waste w i  11 be 
d r i e d  before p y r o l y s i s .  Dry'ng w i l l  be accomplished by c o n t a c t i n g  t h e  waste 
w i t h  the  h o t  f l u e  gases. 
2.1 DESCRIPTION OF THE PYROLYSIS SYSTEM 
The ~ ' ' 3 t - s c a l e  p y r o l y s i s  system i s  p i c t u r e d  i n  F igures  2 -1  and l a .  Nastes 
e n t e r  i.,e feed screw which by compress im a l s o  deaerates and sea ls .  The waste 
then drops i n t o  t h e  furnace and onto  a  nloving h e a r t h  o f  1,101ten lead .  When t h e  
py ro l yzed  waste reaches the  end o f  the  h e a r t h ,  the  cha r  i s  scraped o f f  5v a  
paddle wheel an11 dropped i n t o  the  char screw which coo ls  and depos i t s  the  so l  i r :  
r es idue  i n  a  sea led s to rage  c o n t a i n e r .  
The gases are taken o f f  a t  the t o p  o f  t he  fu rqace,  quer~ched and scrubbed w i t h  
water  sprays.  They then were f l a r e d  a f t e r  be ing  sampled f o r  subsequent a n a l y s i s .  
I n  p r a c t i c e ,  of cgurse,  these fue l  gases w i l l  be used t o  p w e r  t h e  pyr301ysis p r o -  
cess; and the  s u r p l u s  can be used on o r  o f f  s i t e  t o  generate heat  and/or  z l e c -  
t r i c i t y  f o r  c t h e r  uses. Dur ing  t h i s  t e s t  and e v a l u a t i m  program, r i l t u r a l  gas 
has been used t o  hea t  t h e  fu rpace t o  avo id  i o t r o d u c i f \ g  extraneous v a r i a b l e s  i n  
the  gases from wastes. 
The scrubber  condenses inois t u r e  d r i ve r ,  o f f  the  wastes i n  h e a t i n g .  t o g e t h e r  w i t h  
watch* vapor f ~ r r n e d  from the waste> by chemicai r e ? r , t f m :  d u r i n g  p y r o l j l s i s .  Th is  
wa te r  p lus  e n t r a i n e d  organ ics  i s  the scrubhsr  l i q u o r  w h ~ c h  i s  r e c i r c u l a t z d  f o r  
quenching and scrubb ing purposes. 
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The scrubber a lso  traps pa r t i cu la tes  swept out o f  the  furnace by the gas, 
as wel l  as o i l  m is t  and the condensate o f  the heavier vapors. Col lect ive-  
l y  these comprise the so-cal led residual t a rs  and o i l s .  They are en- 
t ra ined i n  the l i quo r .  
2.2 SIMULATION OF SOLID WASTE 
A simulated municipal s o l i d  waste was used, made up o f  known mater ia ls  
according t o  the rec ipe o f  Table 2-1, which approximates the average c i t e d  
by others. (See, f o r -  example, E. R. Kaiser and S. 8. Friedman, Combustion, -
May 1968, pp 31-36.) 
TABLE 2-1 SIWLATED MUNICIPAL SOLID CiASTE 
Cons ti tuent Weight X 
f hredded Newspaper ( d r  basis) I 50 Wood Wastes (dry basis 5 
Polyethylene P l a s t i c  3 
Crushed Gl ass 10 
Steel Turnings 8 
Water 24 
100 
Variat ions o f  t h i s  standard feed included 
a Reducing the moisture content t o  less than 10 percent t o  simu- 
l a t e  the e f f e c t s  o f  p a r t i a l l y  d ry ing  the wastes w i t h  waste heat 
i n  the intel .ests o f  system e f f i c i ency .  
o Increasing the moisture content t o  40 percent t o  simulate the 
e f f e c t s  o f  adding sewage sludge. 
2.3 SAMPLING AND OTHER FETHODS OF KASUREMENT 
During each tes t ,  a por t ion  o f  the gas f low was d iver ted i n t e r m i t t e n t l y  
from the furnace through a small o u t l e t  i n  the roof. The d iver ted  gases 
were passed through a ~ n a t t i n g  o f  f ibrous glass and i n t o  a s ta in less-steel  
samplins b o h .  The gases were assayed rou t i ne l y  by chromatography. Some 
samples werc analyzed by mass spectroscopy. Pa r t i cu la te  sol  i d s  and ta rs  
were removed from the f ib rous  mat t ing and assayed by proximate analysis.  
The volume of gas samples was determined by measuring the f low i n t o  the 
bomb by a standard wet t e s t  meter. The vol ume o f  gas produced during an 
e n t i  re t e s t  was measured by a dry-displacement meter. 
The weight o f  condensed l i q u o r s  was estimated by measuring the increase 
i n  volume o f  c i r c u l a t i n g  scrubber water. The concentration o f  organic sub- 
stances i n  the scrubber water was monitored by analysis fo r  chemical oxygen 
demand ( COD) . 
Samples o f  the feed and char were assayed by proximate analysis.  The 
major const i tuents comprising the ta rs  and o i l s  were i d e n t i f i e d  by i n f ra red  
spectrosccpy . 
Eft t rained l ead  i n  the char was m n i  tored by atomic absorpt ion. Samples 
o f  the f l ue  gas a lso were analyzed f o r  l ead  by atomic absorpt ion. 
2.4 TEST RESULTS 
Generally a t e s t  began a t  2600. (The system had been heated t o  i t s  oper- 
a t i n g  teinperature the pwv ioas  day.) By 1000 the py ro lyser  was agalrt a t  
t emp~ra tu re ,  and the feed system was i n i t i a t e d .  A t  about 1633, the burn- 
ers  were turned ~ f f ;  and the  system was secured. During the course of a 
t e s t ,  measurements and samples were taken a t  var ious i r i t e r " ~ ; s .  Sometimes 
the operat ing condi t ions w r e  var ied dur ing the afternoon; and two t es t s  
were conducted i n  one day. 
I n  f o l l ow ing  subsections, ;OSI~:+S ar? s~mnar ized  f i r s t  f o r  py ro l ys i s  o f  
the basel ine feed (waste contaiglt?q 24; r n ~ i s t u r e ) .  Data are presented f o r  
a feed r a t e  o f  about 27 l bs /h r .  T?s+.s summarized next  i n  which the 
r a t e  o f  feed was var ied. F i n a l l y  dat3 are :resented from tes t s  conducted 
on feed con ta in ing  d i f f e r e n t  moisture cc7,ltents. 
2.4.1 PRODUCT YIELD U N E R  BASELINE CONCITIbNS 
Table 2-2 presents a surm~ary of  data from Heat 021375. This t e s t  i s  t y p i -  
c3i o f  those performed under near mean condi t ions.  That i s  t o  szy, i n  
t h i s  t e s t  the p r i n c i p a l  va r i  ab les- - ra te  o f  feed and moisture content--were 
a t  o r  near the median o f  the ranges i nves t i ga ted  i n  the program. S p e c i f i -  
c a l l y ,  the mean r a t e  o f  feed was 27.5 l b s l h r ;  and the feed contained ' ' 
percent moisture.  The temperature was 1400 OF. 
The mean y i e l d  o f  gas was 5.75 cu f t / l b  feed. 
I n  add i t i on  t o  the major cons t i tuen ts  l i s t e d  i n  Table 2-2, gases from the  
py ro lyser  a lso genera l ly  conta in  the minor cons t i tuen ts  1 i s t e d  i n  Table 2-3. 
Mass spectroscopy 3lso has detected acetylene and propene i n  s:ne samples 
of  the py ro l ys i s  gases. 
I n  Appendix A, a mass balance i s  presented f o r  Heat 021375. F igure 2-2 
shows the nature o f  the y i e l d  i n  a graphica l  form. Over 75 percent by 
weight o f  the feed has been converted t o  gases and vapors--32% formed gas; 
31% steam; and 14% benzene and toluene. E ighty  percent o f  the rercaining 
so l  ids i s  i n e r t  glass and metal. The d i s t r i b u t i o n  i s  descr ibed i n  o thers  
terms i n  Appendix A. For example, about 42 percent o f  the feed carbon 
formed aromatic substances--mainly benzene and toluene. 
TABLE 2-2 
DATA SHEET, HEAT 021 375 
A. Composition o f  Gases and Vapors: 
Constituent 
Hydrogen 
Carbon Monoxide 
Methane 
Carbon Dioxide 
Ethylene 
Ethane 
Benzene 
To1 uene 
Percent 
By Vol . 
Weight 
l b s / f t 3  
of gas 
B. Total Volume o f  Gases and Vapors: 
517 cu ft 
C. Total Weight o f  Gases and Vapors: 
517 cu ft x0.0808 1 b s / f t 3  = 41.9 Ibs  
D. Total Weight o f  Feed: 
89,8 Ibs  
E. Tordl Weight o f  Condensed Liquor:  
28.1 l b s  
F. Total Weight o f  Scrubber Sol ids: 
27.8 grams i n  405 l i t e r s  14.3 f t 3 )  o f  gas; L (27.Pg!454g/lb) x (517 ft /14.3 f t 3 ) ;  or 
?.:5 IDS 
G. I?-,ximate Analysis o f  Sol ids:  
Vol a t i  1 e Fixed 
Feed 
Sample A 
t3 
bbi s t u ~  Matter Carbon Ash 
- -
TABLE 2-2 (Continued) 
H. Composition o f  Scrubber Sol ids : 
Tars and o i l s ,  p r i n c i p a l l y  naphthalene 
Carbonaceous char 
Fly ash 
45 percent 
45 percent 
10 percent 
I. Duration: 
4.62 hours 
3.33 hours a t  steady s t a t e  
TABLE 2-3 
MINOR CONSTITUENTS DETECTED IN PYROLYSIS GAS BY MASS SPECTROSCOPY 
Cons ti tuent  
Oxygen 
Methyl acetyl  ene 
Propane 
Butadi ene 
Cycl open tad i  ene 
Thi ophene 
Styrene 
Xylene 
Typi ca i  h u n t ,  
Percent By Volume 
CONDENSED 
W ATE R 
CARBON D I O X I  E 
CARBON MONOXIDE 
BENZENE AND TOLUENE 
14% 
CAfBONACEOUS CHAR 
TARS & O I L S  5 %  
GLASS AND M T A L  TURNINGS 
18% S O L I D S ,  2 3 %  
WATER, 31% 
GASES, 3 2 %  
AROMATICS, 1 4 %  
FIGURE 2 - 2  PRODUCTS FROM PYROLYSIS O F  SIMULATED SOL1 D WASTE 
2 - 7 
2.4.2 EFFECT OF FEED RATE ON YIELD, 3ASELINE MOISTURE 
A ser ies o f  t e s t s  was conducted on feed con ta in iny  24-percent no i s tu re  i n  
wl!ich the r a t e  o f  feed was var ied. The range was from l e s s  than 15 t o  more 
than 40 1 bs lh r .  Tab1 e 2-4 summarizes the resu l  t s .  Note t h a t  the means are 
5n excel  l e n t  agreement w i t h  the corresponding values recordt?d i n  Appendix 
A fo r  Heat 021 375, which was conducted under near mean condi t ions.  
Psrhaps s i g n i f i c a n t l y ,  the sum o f  the th ree  combustion gases--hydrogen, 
, -bon monoxide and carbon d iox ide - - i s  near ly  i n v a r i a n t ,  as one can see 
h r n  the sumnary o f  data presented i n  Table 2-5. See Sect ion 3 f o r  f u r -  
t n e r    is cuss ion. 
Viewed o v e r a l l ,  the trends i n  the data from t h i s  ser ies  i n d i c a t e  t h a t  the 
y i e l d  o f  aromatic substances--benzene and to1 uene--is a f f ec ted  most s i  g- 
n i f i c d n t l y  by vary ing the  r a t e  o f  feed. Increas ing the feed r a t e  increases 
the  y i e l d .  
TABLE 2-5 
VARIANCE I N  SUM OF C9kSUSTION GASES 
(Tests On Feed With 24-Pct Moisture) 
Rate o f  
Feed, Percent By Volume 
l b s / h r  % Lo a 
Sum o f  
Three 
Gases 
Mean : 
Coe f f i c i en t  o f  
Vari a t  i on , 
Pct o f  Means 

A second ser ies  o f  t e s t s  was conducted a t  feed ra tes  above the  base l ine  
l e v e l .  The r e s u l t s  are summarized i n  Table 2-6. There a re  s i g n i f i c a n t  
d i f fe rences  i n  the  y i e l d s  o f  hydrogen and e thy lene  i n  t h i s  se r i es  compared 
t o  the  previous. Th-r l e v e l s  and trends i n  benzene, however, a re  s i r n i l a r  
i n  the  two ser ies .  The t o t a l  y i e l d  o f  gas a l so  i s  comparable i n  both. 
I n  the second ser ies ,  a  vacuum pump malfunct ioned; and a i r  leaked i n t o  t he  
sample l i n e  dur ing  the m a j o r i t y  o f  tes ts .  Thus cons iderab le  n i t r ogen  was 
detected i n  most samples. 
I n  Table 2-7, the sums o f  the  t h ree  comtustion gases--hydrogen, carbon 
monoxide and carbon d iox ide--arc  1  i s t e d  f o r  the t e s t s  compris ing t h i s  
second ser ies .  The mean value i s  i n  e x c e l l e n t  agreement w i t h  t h a t  f r o m  
the  f i r s t  series--63.2 versus 61.4 percent;  and t h e  c o e f f i c i e n t  o f  v a r i -  
a t i o n  i s  equa l l y  smal l - -5 p c t  i n  the second se r i es  and 8 p c t  i n  t he  f i r s t .  
TABLE 2-7 
VARIANCE I N  SUM OF COMBUSTION GASES 
(Second Ser ies  On Feed With 24-Pct Moisture) 
Heat 
No. 
- 
Rate o f  
Feed. Percent By Volume 
Sum o f  
Three 
1 bs/h; !A - CO % Gases 
Mean : 
C o e f f i c i e n t  o f  
Vari a t i on ,  
Pc t  o f  Mean 
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I n  the second ser ies ,  I n  Heats 012075 ~ I I J  6297 , the y i e l d  of benzene i s  
s i g n i f i c a n t l y  l ess  than i n  the t e s t  of t h e  f i r s i  se r ies  a t  a  comparable 
r a t e  o f  feed. (See t he  t e s t  a t  42 1  bs /h r  l i s t e d  i n  Table 2-4, page 2-9.) 
Cur iously,  the  y i e l d  I n  e thy lene i s  s i g n i f i c n n t ! ~  g rea te r  ill t he  second 
ser ies  than i n  the f i r s t .  The decrease I n  benzene appears t o  have been 
compensated hy En increase i n  ethylene. 
The y i e l d  i n  methane, on the  o t h e r  hand, i s  remarkably cons i s t en t  i n  a l l  
t e s t s  compris ing bo th  se r ies .  The f o l l o w i n g  stat is ti^, compare the two 
sets  : 
Mean Pct  Coe f f l c i en t  o f  Var ia t ion ,  
Methzne Pc t  of &an 
F i  rs t Ser ies 
Second Ser ies 
2.4.3 EFFECT OF REDUCED M3ISTURE, DIFFERENT FEED RATES 
I n  another se r i es  of t es t s ,  t h e  mo is tu re  1  eve1 of the  feed was reduced from 
24% t o  7%. The same r e l a t i v e  por t ions  o f  d ry  components were used i n  the  
s imulated so l  i d  waste as i n  p rev ious ly  descr ibed t es t s .  Table 2-8 sum- 
marizes the resu l  t s  . 
S i g n i f i c a n t l y  l ess  benzene formed i n  these t e s t s .  The y i e l d  o f  benzene as 
we1 1 as t he  y i e l d  o f  e thy lene increased w i t h  inc reas ing  r a t e  o f  feed. As 
i n  the previous ser ies ,  the y i e l d  o f  methane was constant and n e a r l y  the 
same as i n  the two se r i es  conducted cn feed con ta in ing  24-pct  moisture.  
Tab1 e 2-9 1  i s  t s  the sum o f  the th ree  combus ti on gases--hydrogen , carbon 
monoxide, and carbon d iox ide.  Again, as i n  previous ser ies ,  t he  sum i s  
e s s e n t i a l l y  i n v a r i a n t ;  and the mean value i s  about the same as i n  previous 
~ E S  t  .
The t o t a l  y i e l d  o f  gas a lso i s  about the s a w  as i n  t h e  previous t e s t s  f o r  
comparable ra tes  o f  feed. 
2 .4 .4  EFFECT OF INCREASED MOISTURE 
Testr were conducted on two types o f  feed con ta in ing  excessive moisture.  
The f i r s t  was the s imulated s o l i d  waste descrfbed i n  a l l  p r e v i o ~ i s  t e s t s  
b u t  ladened w i t h  30-pct moisture.  The second was a s imulated s o l i d  waste 
concocted w i t h  t i s s u e  pu lp  ins tead  o f  newspaper. The t i ssue-pu lp  waste 
had a g rea te r  capac i ty  f o r  water than t h a t  formulated from newspaper. 
Feed con t a i ~ i n g  t i s sue  pu lp  assayed about 40-F z t  ~no i  s tu re .  
Tissue pu lp  i s  e s s e n t i a l l y  100 p c t  chemical pulp;  whereas newspaper i s  a  
mix ture o f  85 p c t  groundwoc pu lp  and 15 p c t  chemical pu lp .  Therefore, 
t i s sue  pu lp  i s  nea r l y  pure ce l l u l ose ,  b u t  newspaper contalns s i  n i f i c a n t  
amounts o f  l i g n i n  and hemice l lu lose i n  add i t i on  t o  ce l l u l ose .  ?These 
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Mean o f  F i r s t  3:  
Coef f ic ient  o f  
Vari a t i  on, 
F i  rs t 3 tes ts  , 
Pct  o f  Mean 
Mean o f  4 tes tr : 
Coeff i  c ien t  o f  
Var ia t ion ,  
A l l  4 t e s t s ,  
Pc t  of Mean 
TABLE 2-9 
VARIANCE I N  SUM OF COMBUSTION GASES 
(Tests on Feed With 7-Pct Moisture)  
Rate o f  Sum of 
Feed, Percent By Vol ume Three 
1  bs/hr !!k - CO -- COz Gases 
facts are discussed extensively i n  Appendix A. ) 
There was a substant ial  y i e l d  i r ~  benzene and toluene from both feeds. The 
resu l ts  of the tests are presented ir, Table 2-10. Note tha t  the y i e l d  o f  
methane i s  less than i n  most other tes ts  a t  a comparable r a t e  o f  feed. The 
y i e l d  o f  methane i s  less i n  the t e s t  on t issue pulp than i n  the  t e s t  on 
newspaper. 
I n  Table 2-11, the vzriance i n  the sum o f  the three gases--hydrogen, car- 
bon monoxide and carbon d iox ide-- is  shown f o r  the two feeds. Note t h a t  
the t e s t  oo t issuo pulp resul ted i n  a greater percentage o f  these three 
gases than i n  the t e s t  on newspaper o r  any other tests on newspaper pre- 
b i  ously presented. 
2.4.5 FROTH FLOTATION OF CHAR 
Hi scel 1 aneous char was conposi ted f r o m  a number of tests.  
sample o f  the conposi::e was placed i n  a Denver Equipment Co. A 2-ki (Sub-A loram f l o -  
i a t i o n  machine. Approximately 8 l i t e r s  o f  scrubber 1 iquor were added t o  
the f l o t a t i o n  machine. The resu l t i ng  pulp was condi t ion ed by mixing i t  
f o r  3 minutes a t  1200 rpm. No f l o t a t i o n  agents were added. No aerat ion 
was employed during the condi t ioning per iod a f t c r  which the suct ion de- 
vice was act ivated f u l  l y  to  cause maxi~iium aeration. The carbonaceous de- 
b r i s  rose t o  the surface i n  a stable, f d i r l y  dry f r ~ t n  which was skimned 
o f f  and d r ied  f o r  chemical analysis. 
Table 2-12 sumarizes the degree o f  separation obtained i n  the tes t .  
Nearly 74 percent o f  the f i x s d  carbon concentrated i n  the f loa ted p r t i o n ;  
and near ly  9C percent o f  the lead was contained i n  the unf loated sands. 
The scrubber 1 iquor  had been used i n  a number o f  pyro lys is  tests. I t s  COD 
was 16,700 mg/L 0. A t  the  end o f  the f l o t a t i o n  tes t ,  i t s  COD was 13,500 
mg/& 0. The i n i t i a l  pH was 5.1 ; the f i n a l  pH was 5.8. 
2.4.6 TREATMENT OF SCRUBBER LIQUOR BY ACTIVATED CARBON 
Approximately 40 grams o f  act ivated charcoal (granulated 4 x 12; manu- 
factured by Darco, Atlas Chemicals Indus t r i a l  , Inc.) was added t o  160 mL 
o f  scrubber l iqgor .  The mixture was s t f r r e d  i n  a 400-mR beaker f o r  sever- 
a l  hours a f t e r  whict: the 1 iquor was f i l  tered from the carbon and assayed. 
The fo l lowing i s  a sumnary of the resu l ts :  
Before Treatment 
A f te r  Treatment 
COD, mg/L 0 pH 
17,600 5.3 
4,050 5.3 
Over 75 percent o f  the organic matter--as measured by COD--has been removed 
from the l i a u o r  by carbon adsorption. The adsorbed substances are mainly 
entrained and sol uCl e benzene. 
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TABLE 2-12 
FROTH FLOTATION OF PYKILYSIS CHAR 
DATA SHEET 
A. Chemical Analysis 
Nei ght ,gm Chemical Compc- i tion, Pct 
Pct o f  Vol a t  i 1 e Fixed 
Component - Total Total Moisture Matter Carbon Ash Lead - -
Floated Portion 380 19.9 0.4 8.4 43.3 48.0 0.5 
(Char Concentrate) 
lh f loated Port ion 1537 76.9 0.04 2.5 3.8 94.0 2.0 
(Sand) 
Water-Sol ubl e 
Portion 
B. Calculated Head 
Fixed Carbon : 
380 x 0.433 = 164.549 FC 
1537 x 0.038 = 58.41 
222.959 FC 
C. Ratio o f  Concentration 
Lead : 
(30.74134.16) x 100% = 90% 
Carbon : 
(164.54/222.95) x 100% = 74% 
2 .5  EQUIPMENT PROBLEMS 
Only two equipment problems o f  an) consequence mater i  a1 i zed d l  # i n g  the course 
o f  the t e s t  program. 
The degree o f  gas i f i ca t i on  o f  the organics and the volume o f  f u e l  gas producec' 
proved t o  be sonlewhat h igher  than an t i c ipa ted ,  w i t h  the r e s u l t  t h a t  the wate- 
quench/scrubber s e c t i  on over1 oaded a t  h igh waste loading ra tes This  problel.. 
was r e c t i f i e d  simply by i n s t a l l i n g  a scrubber o f  l a r g e r  capaci ty .  
The o the r  problem, w i t h  the waste feed scrsw, was o-F a more bas ic  nature,  a l -  
though n o t  concerning the py ro l ys i s  process p e r  se. To prevent,  on the one 
hand, the entrance of a i r  i n t o  the  furnace, w i t h  consequent p a r t i a l  combustion 
ana degradation o f  the produced f u e l  gas, and, on the o ther  hand, the leakage 
o f  py ro l ys i s  gases i n t o  the atmosphere, i t  i s  necessary t o  seal  the waste 
loading mechanism. I n  the i n t e r e s t s  o f  s i n :p l i c i t y ,  i t  was intended t o  prov ide 
a compression seal by an i n t e r r u p t i o n  o f  the feed screw i t s e l f .  While a s imul-  
taneous seai d?d feed was accomplished, the screw was prone t o  b u i l d  up c m -  
pression along i t s  leng th  and j a m .  despi te  several  modi f icat ions.  I n  f u t u r e  
designs we w i  11 d ivorce the seal and t ranspor ta t ion  func t ions  . 
DISCUSSION OF THE TEST RESULZ 
The tes ts ,  which were described i n  Section 2, were conducted p r i n c i p a l l y  
t o  gain i n s i g h t  i n t o  three aspects o f  lead-bath pyro lys is .  The three areas 
o f  i n te res t  were ( i )  the nature and extent  o f  gas i f i ca t ion ,  ( i i )  the  calor-  
i f i c  value o f  the gases and vapors, and ( i i i )  the system eff ic iency. I n  
fo l lowing subsections, each o f  these areas i s  discussed. 
Elementary s t a t i s t i c a l  methods--the determination o f  the mean and the co- 
e f f i c i e n t  o f  variat ion*--are used i n  the fo l lowing disiussion. These 
methods enable one t o  focus a t ten t ion  on parameters t h a t  varieq s i g n i f i -  
cant ly.  That i s  t o  say, s t a t i s t i c a l  analysis i sc la tes  cer ta in  parameters 
whose variance i s  excessive. I n  tes ts  o f  the type described i n  t h i s  re- 
port,  a coef f ic ient  of var ia t ion  less than 20 percent o f  the mean i s  pro- 
bably w i t h i n  normal experimental error .  A CV greater than 30 percent may 
be ind i ca t i ve  o f  variance caused by changing process conditions. I n  other 
words, a s ign i  f i  cant change occurred. 
3.1 NATURE AND EXTENT OF GASIFICATION 
Typ ica l ly  over 75 percent o f  the wet weight i s  c o ~ v e r t e d  t o  gases i n  the 
pyro lys is  o f  s o l i d  waste. I n  terms o f  reac t ing  organic substances, the 
percentage conversion i s  i n  excess o f  90. See Appendix A, Tab1 e A-12, 
page A-1 0. 
I n  fo l lowing subsections, f i r s t  the composition o f  the gases i s  discussed; 
and, then, the e f f e c t  o f  processing on the amount o f  gas i f i ca t i on  i s  ex- 
ami ned. 
* 
The coe f f i c i en t  o f  var ia t ion  (CV)  i s  defined as fol lows : 
cv = (SIX) X loo%, 
where s i s  the standard deviat ion; and 
i i s  the mean. 
YHECEDING PAGE BLANg NOT 
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3.1.1 EFFECT OF PROCESS PARAMETERS ON GAS COWOSITION 
Tables 3-1 and 3-2 sumar ize  the s t a t i s t i c a l  analyses o f  a l l  gas samples 
from tes ts  on feed containing 24-pct moisture and 7-pct moisture, respec- 
ti vely. The trends are discussed i n  fo1 lowing subsections. 
a. Combined Mole Percentaqe o f  Three Gases--Hz, CO and Cop. 
Several times i n  the presentat ion of data ( i n  Section 2 ) ,  a t t en t i on  was 
ca l l ed  t o  the r e l a t i v e  invariance o f  the c o h i n e d  volume percentage o f  hy- 
drogen, carbon monoxide and carbon dioxide. The proper t ies o f  gases are 
such tha t  volume percent i s  also nnle percent. Consequently, i n  most tests 
comprising t h i s  inves t iga t ion ,  every u n i t  volume of gas contained the same 
t o t a l  number o f  Hz, CO and COz molecules. This i s  undoubtedly i nd i ca t i ve  
t h a t  the same basic products are fonned from the thermal decomposition o f  
one const i tuent  i n  a l l  tests .  
Note t h a t  the sum of these three gases was greatest  i n  the tes ts  performed 
on t issue pulp. (See Table 2-11, page 2-16.) As t i ssue pulp i s  essen t i a l l y  
pure cel lu lose,  whereas newspaper contains 1 i g n i n  as we1 1 as cel lulose; 
one concludes t h a t  an increase i n  ce l lu lose  causes an increase i n  the sum 
o f  the three gases--Hz ,CO and C02. 
According t o  C. G. von Fredersaorf f  and M. A. E l l i o t t  (Chapter 20, pp 892- 
1022, i n  Chemistry of Coal U t i l i z a t i o n ,  Suppiementary Volume; H. H. Lowry, 
Ed i to r ;  John Wiley 8 Sons, Inc., New York, 1963), there i s  conf l  i c t i n q  
evidence concerning the chemi cal k i  n e t i  cs o f  pyro lys is  . Carbon monoxide 
and carbon d iox ide may be both primary products. On the o ther  hand, car- 
bon d iox ide may be formed from carbon monoxide by subsequent oxidat ion. 
"The react ions , 
C + O2 + C02; and 
H2 + 402 + H20 
are so rap id  t h a t  they proceed essen t i a l l y  t o  completion w i t h  resPect t o  
oxygen disappearance. " The carbon gasi f i  cat ion react ions , 
C + H20 + CO + Hz; and 
C + coz -+ 2 co 
"are never a t  equ i l i b r i um a t  ex i  t condit ions. Equ i l ib r ium i n  these reac- 
t i ons  requires p rac t i ca l  l y  100% steam decomposition, and n e g l i g i  bale C02 
content, a t  temperatures above 2000 OF and pressures from 1 t o  20 atm." 
Reaction 3-4 i s  general ly slower than Reaction 3-3. "The water-gas s h i f t  
react ion, 
i s  considered to  be p r imar i l y  a heterogeneous phenomenon which occurs on 
the fuel  surface, w i t h  very l i t t l e  react ion i n  the gas phase. A t  low 
steam decomposi t ions , t h i s  react ion i s . .  .never a t  equ i l  ibr ium, and i t s  
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rap id  approach t o  e q u i l i  b r i  urn.. . i s  thought tu occur pr imar i  l y  by v i r t u e  o f  
steam disappearance through react ion (3-3).  " 
From the foregoing facts,  i t  i s  apparent t h a t  the invariance noted I n  thc 
sum o f  the H 2 ,  CO a ~ d  COZ contents i s  the natura l  consequence o f  operat ing 
the pyro lyser  a t  a f i x e d  temperature (1400 O F )  and essen t i a l l y  the same 
re ten t ion  t ime (about one minute*). 
b. Percentage Methane I n  The Gas 
This a lso i s  essen t i a l l y  invar ian t ,  a1 though the CV i s  somewhat greater  f o r  
methane than for  the c o h i n e d  sum o f  H 2 ,  CO and C02. Moreover, there i s  
no d iscern ib le  trend i n  the y i e l d  o f  methane from the pyro lys is  of waste 
containing the same leve l  o f  moisture. .I u n i t  volume o f  gas contains j u s t  
as much methane i n  a tes t  a t  a slow ra te  o f  feed as i n  a tes t  i n  which the 
ra te  was fas t .  The y i e l d ,  however, i s  s l i g h t l y  greater from pyro lys is  of 
feed containing 7-pct moisture than from pyro lys is  o f  feed containing 24-pct 
moisture. 
c. Combined Percen taqe o f  Ethane, E thy1 ene , Benzene and To l uene 
As t h i s  percentage const i tu tes the remainder o f  the gas, i t  also i s  essen- 
t i a l l y  invar ian t .  I n  other  words, since the sum of the three gases (Hz, CO, 
and Cop) i s  i nva r ian t  and 'here i s  l i t t l e  variance i n  the methane content, 
the percentage o f  the remaining gases i s  essen t i a l l y  the same i n  every tes t .  
This i s  a p o t e n t i a l l y  valuable characte- is t ic  o f  the system, because i t  in i -  
p l i e s  tha t  the c o h i n e d  y i e l d  o f  o le f i ns  (ethylene) and aromatics (benzene 
and toluene) i s  essen t i a l l y  invar ian t .  I n  other  words, every u n i t  volume 
o f  gas contained v i r t u a l l y  the same amount o f  the most valuable chemical- 
feedstock materi a1 s. 
d. Percentaqe of Aromati c Substances--Benzene and To1 uene 
The variance i n  t h i s  parameter i s  so great tha t  i t  i s  obvious t h a t  the 
y i e l  d was affected by changes i n  the process condi t i  ons . I n  other  words, 
the y i e l d  o f  benzene and toluene depended on the r a t e  of feed and moisture 
content. 
The y i e l d  i n  aromatic substances i s  enhanced by operat4ng i n  the presence 
o f  steam. This can be achieved e i t h e r  by processing feed containing a high 
l eve l  o f  moisture o r  by feeding very rap id l y  as i n  the l a s t  t e s t  l i s t e d  i n  
Table 3-2. The l i t e r a t u r e  i s  f u l l  o f  references which c i t e  improvement 
i n  the y i e l d  o f  aromatics (and o f  o le f ins)  by using steam t o  f lush the py- 
ro lyser .  (See, fo r  example, the t rea t ises  by F. Asinger: Paraff ins, Per- 
gamon Press, Oxford, 1968, 896 pp, and Mono-Olefins, Pergamon Press, Ox- 
ford,  1368, 1167 pp.) 
* 
I n  the lead-bath pyrolyser,  r e t e n t i  on time i s  determined pr imar i  l y  by 
the ra te  o f  feed and the ra te  a t  which the drag chain i s  ro ta t i ng .  The 
re ten t ion  t ime ranged from about 0.5 t o  1.3 minutes. 
8 .  
r 
L 
3.1.2 EFFECT OF PROCESS PAMTERS ON GAS YIELD 
Y I n  Table 3-3, a s t a t i s t i c a l  analysis o f  t o t a l  gas y i e l d  i s  sunnarized. The 
i* variance i n  the y i e l d  o f  aromatic substances also i s  included. 
There i s  no d iscern ib le  t rend i n  the t o t a l  gas y i e l d  from tests  on feed 
containing 24-pct moisture. From 5.4 t o  6.5 cu f t  o f  gas was formed i n  tes ts  
i n  which the r a t e  o f  feed ranged from 14 t o  53 l b s l h r .  
There i s ,  however, a d e f i n i t e  t rend i n  the treatment o f  feed containing 7-pct 
moisture, as i s  shown graphical ly  i n  Figiire 3-1. 
RATE OF FEED, LBS/hR 
FIGURE 3-1. GAS YIELD FROM PYROLYSIS OF W F E  CONTAINING 7-PCT MOISTURE 
! 
Percent 
Moisture 
30 
Rate o f  
Feed, 
1 bs/hr 
49 
TABLE 3-3 
STATISTICAL ANALYSIS OF GAS YIELD 
Total  Y ie ld  o f  Gas Y ie ld  of Aromatics 
cu f t / l b  feed Mean WJ cu ft/l b feed Mean 
4.9  - - - - 0.5 - - - - 
t Coef f i c ien t  o f  Var iat ion (CV) i s  expressed as percent of the mean 
tt I f  the value f r o m  the t e s t  a t  42 lbs /hr  i s  discarded, the mean i s  0.15 
cu f t / l b  feed and the CV i s  47 percent. 
The behavior i l l u s t r a t e d  i n  F igure 3-1 i s  i n  accordance w i t h  the  bas ic  
considerat ions o f  heat t r a n s f e r  and combined mass and energy balance i n  a 
progress ive ly  th icken ing  bed o f  waste. A t  small feed ra tes ,  t,'.? waste i s  
pyrolyzed r a p i d l y  and completely. There i s  re1 a t i  ve l y  1 i ttl e res idua l  
mate r ia l  on the hearth,  As t he  r a t e  of load ing  i s  increased s l i g h t l y ,  the 
added waste t oo  i s  pyrolyzed r a p i d l y  and completely, (Th i s  g ives r i s e  t o  
the region o f  constant gas-production shown i d e a l l y  between feed ra tes  from 
0 t o  about 10 I bs /h r  i n  F igure 3-1 .) As the  r a t e  o f  feed i s  increased a- 
bove 15 l bs /h r ,  however; p a r t i a l l y  pyrolysed mater ia l  and char begin t o  
accumulate and form a bed on t h e  hearth.  Enter ing waste drops on tc  t h i s  
bed. As the r a t e  of feed increases, the  he igh t  of the bed increases. 
Eventual ly  on ly  t h e  t o p  and bottom of t he  bed are pyro lyzed completely.  
The center  o r  core i s  heated more s lowly ;  and the  extreme center  may n o t  
py ro lyze  completely i n  the r e t e n t i o n  t ime provided. (These phenomena re.  
su l  t i n  the s t e a d i l y  dec l i n i ng  segment o f  the curve,; A t  extremely rap id  
ra tes  of feed, the heat i n p u t  t o  the  system becomes the  l i m i t i n g  f a c t o r ;  
and on ly  a f i x e d  thickness a t  the t op  and one a t  the bottom o f  the bed un- 
dergo py ro l ys i s .  (The t o t a l  gas y i e l d  approaches a constant value, b u t  the 
y i e l d  per  pound continues t o  dec l ine  as shown i n  the extreme r igh t -hand  
p o r t i o n  of Figure 3-1 . ) 
The explanat ion of F igure 3-1 g iven i n  the l a s t  paragraph i s  on l y  p a r t i a l l y  
co r rec t .  I n  add i t i on  t o  the ef fects  caused by heat t rans fe r  through a bed 
of inc reas ing  thickness, t he re  a l so  i s  superimposeL the e f f e c t  o f  a gradu- 
a l l y  changing chemical composition of the gas as the  r a t e  of feed decreases 
o r  increases. For example, consider a base l i3e  cond i t ion ,  t h a t  i s ,  one a t  
a feed r a t e  of about 27 l b s l h r .  Heat 021375, which i s  descr ibed i n  d e t a i l  
i n  Appendix A, i s  representat ive o f  t h i s  base1 i ne. 
If a l l  of the char and scrubber so l i ds  had pyro lyzed and formed more o f  the  
same gas mix ture (as formed i n  Heat 021 375). then t he  gas y i e l d  would have 
been 5.75 f t3 x (0.876/0.787) o r  6.4 cu ft. The foregoing c a l c u l a t i o n  i n -  
d icates t h a t  the gas y i e l d  observed i n  t e s t s  a t  reduced feed r a t e  can no t  
be expla ined by merely pos tu l a t i ng  complete py ro l ys i s .  One a l so  must assume 
some s h i f t  i n  th2 gas makeup, i .e., heavy gases must be converted t o  l i g h t  
gases. For example, from the s p e c i f i c  volumes l i s t e d  i n  Table 3-4, i t  can 
be seen t h a t  the conversion o f  the benzene (0.01 l b s  i n  Heat 021375) t o  
hydrogen (p l us  carbon) would y i e l d  an add1 t i o n a l  1.9 cu f t  of gas. This 
hou ld  r e s u l t  i n  a t o t a l  y i e l d  o f  8.3 cu f t / l b  feed--essent ia l ly  the  y i e l d  
observed i n  the  t e s t  on 7-pct nmisture feed a t  23 l b s / h r  l i s t e d  i n  Table 
3-3. The formation o f  add i t iona l  hydrogen instead o f  benzene i s  one of t.;? 
poss ib le  a l t e rna t i ves  which would y i e l d  9 cu f t  o f  gas per  l b  feed. The 
o the r  i s  the conversion o f  wqter t o  hydrogen. 
If the feed contains s u f f i c i e n t  moisture,  the formation of steam can be 
great  enough t h a t  the gases are f lushed ra the r  r a p i d l y  from t h e  bed. More- 
over, steam i s  an exce l l en t  hea t - t rans fe r  media; &id,  as i t  r i s e s  from the 
bottom o f  the bed, i t  conducts heat i n t o  the core. Consequently, i n  the  
case of  mois t  feed, as the data from the t e s t s  on waste con ta in ing  24-pct 
mois ture i nd i ca te ,  there  i s  much l ess  d i  f ference i n  t he  y i e l d  o f  gases as 
the r a t e  o f  feed i s  var ied. 
TABLE 3-4 
SPECIFIC VOLUMES OF THE GASES AND VAPOi6 FORMED 
I N  PYROLYSIS OF SOLID WASTE 
COWOUNO 
Hydrogen 
Methane 
Carbon Monoxide 
Ethyl ene 
Ethane 
Carbon Dl 0x1 de 
Benzene 
To1 uene 
SPECIFIC VOLUME, 
ft3/1 b
3.2 FUEL VALUE OF THE GASES AND VAPORS 
A p rac t i ca l  waste-disposal system should generate a t  l e a s t  enough energy t o  
sustain i t s z l  f. Pyro lys is  has the po tent i  a1 o f  proaucing sur+!us energy. 
I n  fo l low ing subsections, tables are presented i n  which the fuel value i s  
l i s t e d  for  the gases and vapors formed i n  the variouq t c t s  comprising t h i s  
inves t iga t ion .  The degree o f  se l f -su f f i c iency  i s  estfmdted i n  S2ctici1 3.3. 
I n  computing the fue l  value o f  the gases and vapors from pyro lys is ,  the high 
heat values (HHV) (1 i s t e d  i n  Table 9-8, page 9-6, o f  the Chemical Enqineers ' 
F i f t h  Edi t i on ,  McGraw-Hill Book Co. , New York , 1973) were used. 
These values are 1 i sted below: 
Compound 
Hydrogen 
Carbon Monoxide 
Methane 
E+hane 
Ethyl ene 
Benzene 
To 1 uene 
High Heating Value 
(HHV) , Btu/cu f t 
3.2.1 USEFUL ENERGY IN GASES AND VAPORS tROM PYROLYSIS OF WPSTE 
CONTAINING 24-PCT MOISTURE 
Table 3-5 l i s t s  the calculated iuei value f o r  a1 1 tes ts  jn feed containing 
24-pct moisture. I n  presenting the information, the z a l o r i f i c  value o f  the 
gases has been tabulated separately as wel l  as the energy obtainable from 
comtus ti on o f  the combined gases and vapors, I n  Appendix B , computations 
are presented which i nd i ca te  t h a t  the fuel content o f  the gases alone i s  
general ly s u f f i c i e n t  t o  susta in the system. The vapors cons t i tu te  the sur- 
p l  us fuel.  A1 te rna t i  ve ly  , the condensed vapors car( be u t i  1 i zed as chemical 
feedstock. 
A perusal o f  Table 3-5 reveals t h a t  the data are very consistent.  The 
trends are del ineated more c l e a r l y  i n  the summary o f  the s t a t i s t i c a l  acaly- 
s i s  presented i n  Table 3-6. The tote1 energy gaioed from a p ~ u n d  of feed 
increases as thd rat .? o f  feed i s  increased--provided the r a t e  o f  feed does 
no t  exceed 37 I b s l h r .  A t  feed rates greater  than 37 I b s l h r ,  the y i e l d  o f  
benzene and to1 uene diminishes ; and the cont r ibu t ion  of these vapors t o  
the t o t a l  fuel value decreases. As benzene and to1 uene are much mobhe ener- 
g e t i c  than any o f  the gaseous const i tuents , the t o t a l  fuel value of gases 
plus vapors also diminishes. For the 9 tes ts  i n  which the feed r a t e  was 
37 l bs /h r  o r  less,  the mean cont r ibu t ion  o f  the vapors t o  the t o t a l  fuel i s  
51 percent. (The CV i s  16 percent.) 
O f  the various gaseous products, methane i s  the greatest  s ing le  cont r ibu tor  
t o  the fue l  value. For the 15 tests l i s t e d  i n  Table 3-5, the mean contr -~bu-  
t i o n  o f  methane i s  51 percent o f  the t o t a l  fue l  value of the gases. (The 
CV i s  9 percent.) 
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The energy content o f  the f u e l  gas, i .em, i t s  value i n  B tu lcu  ft, i s  
greatest  a t  feed rates above 37 1 bs/hr; probably because benzene and toluene 
have been degraded t o  gaseous substances, 
3.2.2 USEFUL ENERGY IN GASES AND VAPORS FROM PYROLYSIS OF WASTE 
CONTAINING 7-PCT MOISTURE 
Table 3-7 sumnarizes the fuel value f o r  the gases and vapors from the f o u r  
tes ts  on 7-pct moisture feed. Again methane contr ibutes over h a l f  of the 
gaseous fue l  value. (The mean cont r ibu t ion  fo r  the 4 tes ts  i s  54 pct ;  the 
CV i s  2 pct.)  For t he  three t e s t s  i n  which the  feed r a t e  ranged from 23 t o  
33 lbs/hr ,  the gases contr ibuted 87 percent t o  the t o t a l  f ue l  value. (The 
CV i s  2 pct.)  
Less fue l  value was extracted f r o m  a pound o f  feed i n  these t e s t s  than i n  
otherwise comparable tes ts  on fe:?d containing 24-pct moisture. The fuel gas, 
on the o ther  hand, was r i c h e r - - i t  ranged from 481-514 Btu lcu ft; whereas, i n  
the tes ts  on feed containing 24-pct moisture (and feed ra tes  o f  37 I b s l h r  o r  
less) ,  the range i s  346-479 Btu lcu ft. 
3.3 SYSTEM EFFICIENCY 
I f  sol i d  waste containing 24-pct moisture were t reated i n  a system arranged 
i n  the same manner as the p i l o t  p l a n t  described i n  Section 2.1 , the system 
e f f i c i e n c y  would be 50 percent. I n  o ther  words, only  ha1 f o f  the energy 
avai lab le i n  the products would have t o  be burned t o  susta in the system. 
Deta i led ca lcu la t ion  o f  the system e f f i c i e n c y  i s  presented i n  Appendix B. 
The gases formed i n  pyro lys is  are s u f f i c i e n t  t o  sustain the system. The aro- 
matic substances, benzene and toluene, can be marketed as chemicals o r  used 
elsewhere as fuel. This i s  an especia l ly  a t t r a c t i v e  cha rac te r i s t i c  o f  the 
lead-bath pyrolvser,  because benzene and toluene are l i q u i d s  which can be 
store; e a s i l y  and transported conveniently. Many pyro lys is  systems produce 
excess gas which i s  much less convenient t o  s to re  o r  t ransport .  These gases 
can be converted t o  l i q u i d s  (such as methanol and polymer gasoline) only a t  
addi t i ona l  expense. 
The e f f i c i e n c y  o f  the system can be increased t o  over 70 percent by us ing 
the sensible heat o f  the f l u e  gases ( the  exhaust gases from the rad ian t  heat- 
ers i n  the p y r ~ l y z e r )  t o  evaporate a por t ion  o f  the moisture i n  the feed. 
Supporting calculat ions are presented i n  Appendix B, Section B.6. I n  t h i s  
version o f  the process, only  a por t ion  o f  the gas i s  needed t o  susta in the 
system. About 40 percent o f  the gases (and a l l  04 the benzene and toluene) 
are aslai l a b l e  f o r  use elsewhere. As these gases have a fue l  value of from 
400 t o  300 Btu lcu  ft, they can be used read i l y  i n  a conventional burner, 
i n te rna l  combustion engine o r  e l e c t r i c a l  generator. 
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SECTION 4 
PROTOTYPE PLANT SIZE 
As the concluding task o f  the program, the Coetracior was d i rec ted  t o  "per- 
form cost-effectiveness studies u t i  1 i z i n g  the performance data from ( the  
experiments condiicted i n  the program). . .together w i t h  cost-type data co l -  
lectedjgenerated (during the program).. . t o  a r r i v e  a t  a recomnended Proto- 
type P lan t  size(s)."  The resu l t s  o f  t h i s  task are presented i n  t h i s  section. 
The I w o u t  o f  a modular u n i t  i s  described, fol lowed by a descr ipt ion o f  the 
fu l l -sca le  process, and l a s t l y  a sumnary o f  i t s  cost effectiveness. 
4.1 MODULAR LAYOUT 
Based on discussions w i t h  pub1 i c  o f f i c i  a1 s , consul t ing engineers and others 
i n  the f i e l d  o f  solid-waste management, we conclude t h a t  a system capable of 
processing 200 tons d a i l y  i s  an optimum module f o r  municipal sol  id-waste 
disposal . 
A s ing le  200-TD module i s  s u f f i c i e n t  t o  serve a c i t y  o f  80,000. Plants ser- 
v i c i n g  l a rge r  populations are best equipped wS t h  addi t ional  modules ra ther  
than a s ing le  l a rge r  u n i t .  Plants l a rge r  than lOOOTD general ly  are viewed 
as impract ica l  , because the costs o f  c o l l  e c t i  on over a very 1 arge drea and 
t ransportat ion t o  a common s i t e  exceed the e f f i c i enc ies  gained i n  centra l  - 
i z i n g  disposal. Consequently, we envision t h a t  disposal p lants w i l l  u t i l i z e  
f r o m  one t.o f i v e  200-TD modules. Equipped i n  t h i s  manner, a p l a n t  can sus- 
t a i n  near ly  f u l l  production, even when one module i s  temporari ly down f o r  
maintenance. Moreover, one module can ~e shut down d u r i ~ g  periods o f  reduced 
load and react ivated a t  w i  11. 
The 1 ayout of a 200-TO pyro lyser  and i t s  anci 11 ary equipment i s  shown i n  
Figure 4-1. A p l o t ,  220 f e e t  by 160 feet ,  i s  required. The t a l l e s t  scruc- 
tures are 40 feet high. I n  addi t ion t o  the d i r e c t l y  occupied area (0.64 
acres), per ipheral  approaches are needed t o  ass !re access by trucks. The 
t o t a l  area inc lud ing  driveways f o r  the trucks i s  estimated t o  be 0.81 acres. 
Tbe system i s  s e l f - s u f f i c i e n t .  Enough gas i s  produced t o  supply i t s  thermal 
and e l e c t r i c a l  needs. See Section 3.3 f o r  a discussion o f  system e f f i c iency .  
There are three e f f l u e n t  streams from the system. They are the f l u e  gases, 
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';he scrubber 1 iquor  , and the res idual  ash. The necessary equipment i s  i n -  
ciuded i n  the modular layout  t o  t r e a t  these streams t o  assure compl iance 
w i t h  pol lu t ion-cont ro l  standards. 
The f l u e  gas f r o m  the rad ian t  heaters i n  the pyro lyser  i s  used t o  dry the 
waste before pyro lys is .  F l  w gases also are exhausted from the e l e c t r i c a l  
generator. Thew combined gases are vented t o  the atmosphere through stan- 
dard gas cleaners. 
The scrubber 1 iquor  must be t reated t o  reduce i t s  organic content before i t  
can be re1 eased f r o m  the system. About 75 percent o f  the organic substances 
comprising the scrubber l i q u o r  are adsorbed by act ivated carbon. The ad- 
sorbed products are p r i n c i p a l l y  aromatic substances (entra ined and soluble 
benzene). The remaining substances are amenable t o  conventional b io log i ca l  
treatment. I n  many areas, t t ~ e  san i ta t i on  d i s t r i c t  probably w i l l  accept 
them for  treatment w i t h  the municipal sewage. On-site treatment i s  a feasi- 
b l e  a1 te rna t ive .  For exarnpl e, anaerobic upflow f i  : te rs  can be used t o  con- 
ve r t  v i r t u a l l y  a1 1 o f  the res idual  organic matter i n t o  methane and carbon 
dioxide. Gases from anaerobic f i l t e r s  contain 65 t o  80 percent methane and 
are an exce l len t  on-s i te  fue l .  Continuous-flow tes ts  have been i n  progress 
a t  RRS fo r  near ly  s i x  months on anaerobic treatment o f  1 iquors s i m i l a r  t o  
the e f f l u e n t  from the scrubbers. 
The residual ash o r  sands are hauled o f f  t o  land f i l l  . 
4.2 FLOW OF MATERIALS 
Figure 4-2 i s  a f low chart  i n  which the overa l l  process i s  depicted. The 
sequence i s  described i n  the fo l low ing paragraphs. 
Only minimal so r t i ng  i s  required before pyro lys is .  Normal municipal s o l i d  
waste i s  shredded i n t o  fragments less  than 2 inches i n  any dimension. The 
shredded waste i s  fed i n t o  a combination feeder-dryer i n  which i t  i s  d r i e d  
p a r t i a l l y ,  compacted and dropped onto the surface o f  the mol ten-lead hearth. 
See Section 2.1 f o r  a descr ip t ion  o f  the pyro lyser  and i t s  act ion.  The pur- 
pose of the dryer  i s  described i n  Appendix B. 
The gases from the pyro lyser  are quenched and scrubbed o f  p a r t i c u l a t e  so l ids  
by passing them through a water-spray scrubber. Tars and o i l s  a lso are re -  
moved. Considerable water i s  condensed i n  the operation; and excess 1 iquor  
i s  b led  continuously from the c i r c u l a t i n g  load i n  the scrubber. See Section 
4.1 f o r  a discussion o f  the treatment and disposal o f  scrubber l i q u o r .  Tars, 
o i l s  and pa r t i cu la te  so l ids  are recycled through the pyrolyser.  
The cooled gases pass i n t o  a 1 i g h t - o i l  absorber ( o r  a l t e r n a t i v e l y  a conden- 
ser) i n  which benzene and re la ted  aromatic substances w e  col lected.  These 
cons t i tu te  a main product o f  the system. The use o f  1 i g h t  (petroleum) o i l s  
t o  absorb benzene I s  standard prac t ice  i n  near ly  a l l  coke-oven p lants.  The 
pregnant 1 i g h t  o i l s  are steam-di s t i l  l e d  t o  recover the aromatics. Coqden- 
sate, on the other  hand, may be marketable d i r e c t l y .  
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The f i xed  gases are d r i ed  and burned i n  the rad ian t  heaters o f  the pyro ly-  
ser  as wel l  as i n  the e l e c t r i c a l  generator. The reclaimed thermal and 
e l e c t r i c a l  energy sustaios the  system. Any surplus gas i s  burned elsewhere 
on s i t e .  The system i s  operated purposely t o  y i e l d  j u s t  enough fue l  gas t o  
meet on-s i te  requirements. A l l  excess energy i s  produced i n  l i q u i d  form 
p r i n c i p a l l y  as benzene and toluene. These l i q u i d s  can be stored convenient- 
l y  and transported e l  sewhere a t  w i l l .  
The carbonaceous char i s  discharged f r o m  the pyro lyser  i n t ima te l y  m i  xed 
w i t h  the i n e r t  glass, cans and o ther  metals as we l l  as entrained lead. The 
mixture i s  blended w i t h  a po r t i on  o f  the spent scrubber 1 iquor; and the re- 
s u l t i n g  s l u r r y  i s  subjected t o  f r o t h  f l o t a t i o n .  The carbonaceous char i s  
f loated f r o m  the i n e r t  glass and metals. (See Section 2.4.5 i n  which t yp i ca l  
resu l t s  are c i ted.)  The separated char i s  recycled through the pyrolyser.  
Glass and metals are f lushed from the bottoms of the f l o t a t i o n  machi~es and 
fu r ther  processed by conventional separation methods. I r o n  and steel  i s  
removed by magnetic methods. Other metals are sorted by g r a v i t y  concentra- 
t ion .  Lead i s  recovered and recycled through the pyro;yser. Glass i s  
screened from the sands which are discarded t o  land f i l l .  
4.3 COST EFFECT1 VENESS 
The tes ts  presented i n  Section 2 and discussed i n  Section 3 ind ica te  tha t  
the system can be optimized t o  provide a p a r t i c u l a r l y  cos t -e f fec t ive  pro- 
cess f o r  waste management. Greatest economies can be achieved by producing 
j u s t  enough gas t o  sustain the system. Surplus energy i s  produced i n  
l i q u i d  form as aromatic substances p r i n c i p a l l y  benzene. These l i q u i d s  are 
avai 1 able as fue l  ; or, a1 t e r n a t i  ve ly  , they can be so ld  as chemicals. Near- 
1 j  complete gas i f i ca t ion  can be achieved bu t  the surplus gas can n o t  be 
stored as conveniently as 1 i qu ids .  Much o f  the gas can be converted t o  
1 i q u i d  methanol b u t  only  a t  addi t ional  expense. 
Only minimal p resor t ing  and shredding ( t o  2-inch fragments) are required 
fo r  lead-bath pyro lys is .  Substanti a1 cost  savings are a d i r e c t  resul t. 
E l e c t r i c a l  power consumption i n  shredding t rash  t o  pieces much less than 
two inches becomes very cos t ly .  Most metals and glass are no t  af fected by 
the shor t  exposure t o  molten lead i n  a reducing atmosphere. Moreover, 
metal s o r t i n g  i s  made easier ,  because the garbage, pa in t ,  grease and plas- 
t i c  i nsu la t i on  coatings are removed i n  pyro lys is .  The burden tha t  must be 
sor ted i s  reduced by an order o f  magnitude. 
APPENDIX A 
MASS BALANCE FOR A TYPICAL HEAT 
I n  t h i s  Appendix, a mass balance i s  presented f o r  Heat 021375, which i s  
t y p i c a l  o f  t es t s  conducted under NASA (JSC) Contract  No. NAS 9-14305. The 
t e s t  was performed under mean condi t ions.  That i s  t o  say, i t  was conducted 
a t  1400 OF. The r a t e  o f  feed was i n  the middle o f  the range i nves t i ga ted  
as was the  moisture content. 
The balance i s  based on proximate analys is  of t he  s o l i d  products and analy- 
s i s  o f  ases b:t chromato~raphy. L iqu ids  were assayed f o r  chemical oxygen 
demand 9 COD). The p r i n c i p a l  const i tuents  i n  the t a r s  and o i l s  were idey-  
ti f i e d  by i n f r a r e d  spectroscopy. 
I n  add i t i on  t o  the t r a d i t i o n a l  balance-- t h a t  i s  , one based on the weights 
o f  the var ious d i sce rn ib l e  phases--the d i s t r i b u t i o n  o f  the p r i n c i p a l  chemi - 
ca l  elements a lso  i s  included. Based on few assumptions, a se l f - cons i s ten t  
accounting can be made o f  f ou r  f ac to r s :  t o t a l  weight ( o f  the phases), 
carbon, hydrogen, and oxygen. 
A. 1 TEST CONDITIONS 
Table A-1 i s  a sumnary o f  the t e s t  condi t ions f o r  Heat 021375. 
TABLE A-1 
TEST CONDITIONS , HEAT 02 1 375 
Temperature, OF i 400 
Rate o f  Feed, 1 bs/hr  waste 2 7 
Retention Time, min 0.9 
A.2 TEST DATA 
During the course o f  t he  t e s t ,  var ious weights and measurements were made. 
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Those per t inent  t o  construct ing a mass balance are l i s t e d  i n  Table A-2. 
TABLE A-2 
SUMMARY OF WE1 GHTS AND MEASUREMENTS 
(Heat 021 375) 
Total Weight of Feed, 1 bs 89.84 
Total Volume of Gas, s c f  51 7. 
Total Increased Weight o f  
Scrubber Liquor, 1 bs 
Total Weight of  Tars and O i l s ,  and 
P a r t i  cul ate Sol i d s  Removed from 
Scrubber, 1 bs 
From the data o f  Table A-2, mean values can be computed f o r  the fo l lowing:  
Rate o f  Gas Production, s c f l l b  feed 
Rate o f  Formati on, Tars and O i  1s (p lus 
Par t i cu la te  Sol ids)  I n  Fcrubber, 1 b s l l b  feed 
Rate o f  Condensation I n  Scrubber Liquor, l b s l l b  feed 
A. 3 COMPOSITION OF THE FEED 
During Heat 021375, the pyro lyser  was fed 3 blend o f  the substances l i s t e d  
i n  Table A-3. 
TABLE A-3 
SUBSTANCES COWRISING SIMULATED SOLID WASTE 
Corrgonent 
Newspaper 
Pine Needles and Bark 
P1 as ti cs 
Water 
I n e r t s  (glass, metals) 
Weight, l b s / l b  fe2d 
0.50 
.05 
.03 
.24 
.18 
1 .oo 
From Table A-3, one can see tha t  82 percent o f  the feed i s  p o t e n t i a l l y  re- 
act ive  and therefore of major concern. This p o t e n t i a l l y  reac t ive  por t ion  
o f  the waste, i r l  turn,  can be viewed as a mixture o f  water and the four  
organic compounds l i s t e d  !n Table A-4. 
TPELE A-4 
CHEMICAL COMPOUNDS MD ELEMNTS COMPRISING THE POTENT1 ALLY 
REACTIVE PORTION OF THE SIMULATED SOLID WASTE 
Chemi cal Compound 
C o m n  Name l b s / l b  feed - C 
Cel lulose 0.3077 0.1366 
Hemi c e l l  u l  ose .I190 ,0540 
L i  gni n .I233 .0789 
Polyethylene .0300 .0257 
Water .2400 - - 
.8200 0.2952 
Chemical E l  ement 
1 bs / lb  feed 
The fonnul a t i on  presented i n  Table A-4 was constructed by assuming t h a t  the 
newspaper was 75% groundwood pulp and 25% chemi cal pulp. The groundwood 
pulp and also the pine needles and bark were assumed t o  be 43% ce l lu lose ,  
28% hemicel lu lose  and 29 percent l i g n i n .  The chemical pulp was assumed t o  
be 100% cel lu lose.  The p l a s t i c s  were essent ial  l y  polyethylene. 
The organic components o f  the waste are a l l  polymeric substances. That i s  
-to say, they are complex g iant  molecules. Each, however, can be considered 
as the endless rep l i ca t i on  o f  a simple b u i l d i n g  block, i t s  monomer. Thus 
ce l lu lose  i s  a polymer o f  hexosans, where; hemicellulose i s  a polymer of 
p: qtosans. L ign in  i s  a polymer o f  phenylpropane; and polyethylene i s  
formed from ethylene. I n  Table A-5, the chemical fonnul as are 1 i s t e d  fo r  
each polymer w i  t h  i t s  chemi cal  tomposi t i  on. 
TABLE A-5 
CHEMICAL COMPOSITION OF THE 0RG.WIC COWOUNDS 
COWRISING THE SIMULATED SOLID WASTE 
Chemi cal Element , 
Percent By Weight 
Compound Formula 
- C - H - 0 
Cell u l  ose ( tHloOs), 44.4 6.2 49.4 
Hemi c e l l  ulose (CsH.Odn 45.4 6.1 48.5 
L i  g t ~ i  n [CgHcsot~( OCHi) In 64 6 30 
Polyethylene ((32'CHz) 85.7 14.3 - - 
From the formulas l i s t e d  i n  Table A - 4 ,  the weights o f  the chemical e le -  
ments--carbon , hydrogen, and oxygen--can be computed f o r  the po ten t i  a1 l y  
reac t ive  po r t i on  o f  the  feed. These weights are l i s t e d  i n  Table A-4.  The 
percentage d i s t r i b u t i o n  i s  l i s t e d  i n  Table A-6. 
TABLE A-6 
DISTRIB'JTION OF CHEMICAL COMPOUNDS AND ELEKNTS 
IN THE POTENTIALLY REACTIVE PORTION OF THE SIMULATED SOLID WASTE 
Pct, Reactive 
Const i tuent Weight 
Cel l  u l  ose 37.5 
Hemi c e l l  u l  ose 14.5 
L ign in  15.0 
Polyethylene 3.7 
Water 
D i s t r i b u t i o n  by 
Chemi ca l  E l  emen t , Pct  
C 
- 
H 
- 
3 
- 
46.3 29.5 33.0 
A. 4 THE COMPOSITION OF THE GASES AND NCN-CONDENSED VAPORS 
The p r i n c i p a l  products formed i n  the pyro lys is  o f  the simulated so l  i d  waste 
were the  gases and vapors l i s t e d  i n  Table A-7. 
TABLE A-7 
Cons ti tuent  
Hydrogen 
Cahon Monoxi de 
Me thane 
Carbon Dioxide 
Ethylene 
Ethane 
Benzene 
To1 uene 
CHEMICAL COMPOSITION OF GASES AND 
NON-CONDENSED VAPORS FROM HEAT 021375 
Percent o f  the Total  
Weight o f  the P o t e n t i a l l y  
By Volume 1 bs/ l  b feed Reacti ve Feed 
16.1 0.0049 0.6 
26.1 .I111 13.4 
21.6 .0526 6.3 
20.4 ,1370 16.5 
3.2 .0139 1.7 
0.5 .0022 .3 
11.3 .I 324 15.8 
0.8 .0109 1.3 
100.0 0.4650 55.9 
Nearly 56 percent o f  the  po ten t i  a l l y  r e a c t i  ve feed was gasi f i ed ,  exc l  ud- 
i n g  water. About 17 percent was converted t o  aromai ic substances, p r i n -  
c i p a l l y  benzene and toluene. 
A . 5  COMPCSITIOIJ AND QUANTITY OF CHAR 
Table A-8 presents the proximate analys is  o f  the  char produced i n  Heat 
021375. Proximate analys is  i s  used comnonly i n  t he  coal  indus t ry .  I t  
affords a simple means o f  assessing the q u a l i t y  o f  a coal  f o r  conversion 
t o  coke o r  gases. Most pas t  i nves t i ga t i ons  o f  so l  id-waste p y r o l y s i s  have 
used proximate analys is  t o  character ize the char. 
TABLE A-8 
PROXIMATE ANPLYSIS OF CHAR 
(Heat 021 375) 
Component Percent By Weight 
Moisture 
Vol a t i  l e  Mat ter  
Fixed Carbon 
As h 
The p a r t i c u l a r  s a m l e  o f  char analyzed i n  Table A - 8  assayed 5.6 percent 
lead. This should not he c0nstrued: however, t o  be representat ive o f  l ead  
losses dur ing  py ro l ys i s .  Lead was en t ra ined  i n  t h i s  char as r a t h e r  l a r g e  
pieces. Lead had splasbed ou t  o f  the t rouah and i n t o  the discharge shoot. 
This was caused by a f d ~ l  t y des!gn which 1 a t e r  was corrected. 
I1 we assume t h a t  the ash of  the char i s  comprised o f  en t ra ined  l ead  p lus  
the iner ts - -g lass  and metal--which were added t o  the py ro lyser ,  then t he  
weight of char computes t o  be: 
(0.18 l b s / l  b feed)/(O.874 - 0.056), o r  
0.22 l b s l l b  feed. 
I n  o ther  words, 22 percent o f  the feed e x i t e d  from the py ro l yse r  as res idua l  
sol  i d s  (char) .  Over 80 percent o f  the char mass, however, i s  i n e r t  g lass 
and metals. Less than 5 percent o f  the p o t e q t i a l l y  r e a c t i v e  feed remains 
as char. Some o f  the ca rbonaceo*~~  char and ash--about 6 percent o f  the  t o t a l  
weight--exi  t ed  f r o m  the reac to r  i n  the gas stream; t h i s  i s  discussed i n  Sec- 
t i o n  A.6.2. 
Samples o f  the feed a lso were subjected t o  proximate analysis.  Representa- 
t i v e  data f o r  two samples are presented i n  Table A-9. 
Sample A 
Sample B 
TABLE A-9 
PROXIMATE ANALYSIS OF FEED SAMPLES 
V o l a t i l e  = ixed 
Moisture Mat ter  Carbon 
-- -
h 
- 
Means 28.2 49.5 6.7 15.6 
Coef f ic ients  o f  Var ia t ion,  
Pct o f  Mean 6 0.5 10 5 
Proximate analys is  r e f l e c t 3  the nature o f  atomic bonding i q  the  pyro lyzed 
specimen. !rl the  case of r e l a t i v e l y  v o l a t i l e  ( b i  tuminous) coals,  the per-  
rentage o f  t ' ixed carbon i s  nea r l y  equal t o  the percentage of the  so-ca l led 
aromatic carbon. (See H. C. Howard, " P y r o l y t i c  Reactions o f  Coal", Chapter 
9 i n  Chemistry o f  Coal U t i l i z a t i o n ,  Supplementary Volume, H. H. Lowry, Ed., 
publi-byohn Wiley and Sons, I nc . ,  New York, N. Y. ,  1963, D. 345). O f  
the  substances comprising the simulated so l  i d  waste, on ly  1 i g n i n  c o n t a i x  
aromatic carbon. Acccrding t o  the chemical formula l i s t e d  i n  Table A-5, 
n i n e t y  percent o f  the carbon i n  l i g n i n  occurs as aromatic ( c o v a l e r t l y  bonded) 
carbon. ?n o t h e r  words, 7.1 percent of  the feed i s  aromatic carbon. Note 
t h a t  t h i s  i s  comparable w i t h  i t s  f ixed-carbon content  as recorded i n  Table 
A-9. 
I f  we asstime t h a t  the  f i x e d  carbon o f  the char a lso  i s  i n d i c a t i v e  of i t s  
l i s n i n  content,  then the proximate analys is  o f  Table A-8 i nd i ca tes  t h a t  the 
lead- f ree char i s  81.4% ash and 18.6% l i g n i n .  This undoubtedly i s  an over-  
s i m p l i f i c a t i o n .  The char probably i s  n o t  s imply res idual  l i q n i n  p lus  i n e r t s .  
On the o ther  hand, n e i t h e r  i s  i t s  carbonaceous content  p:rl carbon. 
For want o f  b e t t e r  knowledge l e t  us assume t h a t  the r e l a t i v e  amounts o f  car-  
bon, hydrogen and oxygen are the same i n  t he  char as i n  l i g n i n .  T:s assurnp- 
t i o n  f i t s  the experimental facts. Moreover, according t o  H. W. E i c ~ n e r  
(Fores t  Products Journal, A p r i l  1962, pp. 194-199), "once py ro l ys i s  i s  
s ta r ted ,  c e l l  u l  ose i s  vol a t i l  i z e d  near ly  completely and most ly endothermi - 
c a l l y  before 400 O C  (752 O F )  i s  rcached. t i y n i n  v o l a t i l i z e s  more s lowly ;  
almost e n t i r e l y  i n  an exothermic react ion,  and loses on ly  one-hal f  o f  i t s  
weight when the  py ro l ys i s  i s  e s s e n t i a l l y  completed a t  300 O C  (1472 O F )  ." I n  
o the r  words, t h e w  I s  experimental j u s t i f i c a t i o n  f o r  the a s s u ~ p t i o n  t h a t  
the  f i x e d  carbon o f  ou r  char i s  aromatic carbon der ived from the l i g n i n  o f  
the s o l i d  waste. L i g n i n  contains about 57 percent aromatic carbon; and, 
therefore,  i f  i t s  char i s  equal t o  one-hai f  i t s  i n i t i a l  weight, then the  
char i s  essen t i r r l l y  pure carLon. 
A. 6 SCRLBBER PRODUCTS 
During the scrubbing o f  the  h o t  gases from the py ro lyser ,  a s i g n i f i c a n t  
quant i ty  o f  water i s  condensed. O i l s  and ta rs  a lso are remved w i th  par- 
ti cul ate sol ids. 
A. 6.1 CONDENSED LIQUOR 
Examination o f  the l i q u o r  ind icates tha t  i t  contains entra ined benzene and 
toluene. It also contains water-soluble acet ic  ac id  and some ammonia. 
Viewed overal l ,  however, the  l i q u o r  i s  essen t i a l l y  water. I t s  COD increased 
from 300 t o  600 mg/t 0. This ind icates tha t  the t o t a l  water-soluLle and 
entra ined organic substances inc lud ing  aromatics are less  than 0.0001- 
0.0002 l b s l l b  feed. 
A.6.2 TARS, OILS AND PARTICULATE SOLIDS 
About 2-114 pounds o f  sc' ids were removed from the scrubber a t  the conclu- 
s ion o f  the t e s t  (Heat 021375). These o i  1-soaked so l i ds  were extracted w i t h  
chioroform; and the residue subjected t o  proximate analysis.  The chloro- 
form ex t rac t  was analyzed by in f ra red  spectroscopy. From these analyses, 
i t  was concluded t h a t  the scrubber so l ids  were comprised o f  the fo l low ing 
three c l  asses o f  substances : 
Tars and o i l s ,  p r i n c i p a l l y  
naph tha l  ene 
Carbonaceous char 
F ly  ash 
45 percent 
45 percent 
10 percent 
In Heat 021 375, the t o t a l  weight o f  scrubber-sol i d s  amounted t o  0.025 
l b s / l b  feed. 
Pa r t i cu la te  debris i s  swept from the pyro lyser  i n  the gas stream. These 
gas-borne so l i ds  ac t  as a bed for  condensing o i l s  and ta rs  which poly- 
merize from aromatic vapors. As was discussed prev iously  i n  Section A.5, 
the gas-borne debris--carbonaceous char p lus f l y  ash--amounts t o  about s i x  
percent o f  the t o t a l  weight o f  char (carbonaceous residue plus i n e r t  glass 
and metals). About 28 percent o f  the t o t a l  carbonaceous residue and 2 per- 
cent o f  the i n e r t  ash are blown from the pyrc lyser  i n  the gas stream. 
A.7 ACCOUNTABILITY 
A sumnary o f  the products i s  presented i n  Table A-10, which 1 i s t s  the to-  
t a l  weight of the substances and of the chemical element,. comprising them. 
Accountabi l i ty as ind icated i n  the tab le  i s  excel l e n t .  1 , preparing Table 
A-10, the t c t a l  weight o f  ash was taken as 0.1 8 1 bs / l  b feed--the known ra te  
a t  which glass and metal were added t o  the pyrolyser.  Ash ex i ted  from the 
system as f l y  ash and as ash i n  the main char stream. Residual carbona- 
ceous debris 1 i kewise ex i t ed  i n  the gas stream and i f i  the main char stream. 
I n  col lstruct ing Table A-10, the weights o f  ash and carbonaceous residue were 
d iv ided between these two streanrs t o  r e f l e c t  the r e l a t i v e  weights of  each 
i n  the two streams as determined experimentally. 
TABLE A-10 
SUmARY OF PRODUCT YIELD BY WEIGHT 
(Heat 021 375) 
Substances Comprising Chemi cal E l  ements 
Products of Pyrolysis - 1bs/lb feed 
Compound lbs / lb  feed - C - H - 0 
Gases 
Hydrogen 
Carbon Monox~ de 
Methane 
Carbon D i  oxide 
Ethylene 
Ethane 
Benzene 
To 1 uene 
Char 
Carbonaceous Port ion 
(as l i gn i n )  
As h 
Water .3131 - - 0.0348 0.2783 
Scrubber Sol i ds  
Part iculate Char 
(as l i g n i n )  
f l y  ash 
Tars 2nd C i  1 s 
(as naphtha1 ene) 
TOTAL WE I GiT 
ACCOW'AB IL  ITY 101% 104% 107% 99% 
ORIGINAL PAGE LS 
OF POOR QUALITy 
A. 8 DISTRIBUTION OF WEIGHT AMONG THE PRODUCTS 
Table A-11 presents a sunmary o f  the products and the percentage o f  the 
t o t a l  feed weight each represents. Gases amount t o  46 percent o f  the t o t a l  ; 
and water i s  31 percent. Thus 77 percent o f  the feed was gasif ied. O f  the  
remaining 23 percent, i n e r t  glass and metals account f o r  near ly  e igh ty  per- 
cent. R s i d u a l  carbonaceous so l ids  represent only 4 percent of the feed. 
Gases 
Hydrogen 
Carbon Monoxi de 
Methane 
Carbon Dioxide 
Ethyl ene 
Ethane 
Benzene 
To 1 uene 
TABLE A-1 1 
DISTRIBUTION OF WEIGHT AMONG PRODUCTS 
Char 
Carbonaceous Port ion 
Ash 
Water 
Scrubber Sol i d s  
P a r t i  cu l  ate Char 
Fly  Ash 
Tars and O i l s  
Percentage o f  Weight of Feed 
46.0 
A.9 EVALUATION TREATING MOISTURE AS AN INERT 
Water was probably n o t  a reactant i n  t h i s  tes t .  More water was removed from 
the system than added. Let us assume tha t  moisture p i  ays no r o l e  i n  the 
chemical react ions cont r ibu t ing  t o  pyro lys is .  Then the ac tua l l y  reac t ive  
feed i s  subs tan t ia l l y  less  than the p o t e n t i a l l y  reac t ive  feed used as an 
evaluator i n  previous sections; and the pmduct  y i e l d  should be re-evalu- 
ated i n  terms o f  dry organic mass. 
Table A-12 i s  a sumnary o f  the products i n  which the percentage d i s t r i b u -  
t i o n  i s  presented i n  t e r n  o f  the  ac tua l l y  reac t ive  feed, i .e., the dry 
organic mass. Compare the d i s t r i b u t i o n  presented a t  the bottom of Table 
A-12 f o r  the feed const i tuents w i t h  tha t  presented i n  Table A-6. Treat ing 
moisture as an i n e r t  s i g n i f i c a n t l y  a l t e r s  the d i s t r i b u t i o n  o f  hydrogen and 
oxygen. Excluding water, cel lulose i s  the prime source of  both. The re- 
la ted hemicellulose i s  the second source. These are also the pr inc ipa l  
sources of carbon. 
TPBLE A-12 
DISTRIBUTION OF WEIGHT AND CHEMICAL ELEMENTS 
AMONG THE ACTUALLY REACTIVE PORTION OF HEAT 021 375 
Percentage of Reactive Feed (By Weight) 
Product 
Hydrogen 
Carbon Monoxide 
Methane 
Carbon D i  ox i  de 
Ethylene 
Ethane 
Benzene 
To1 uene 
Total 
Weight Carbon Hydrogen Oxygen 
Carbonaceous Char 6.8 8.3  5.6 5.0 
( inc luding gas-borne debris) 
Chemical l y  Formed Water 12.5 - - 19.0 27.1 
Tars and O i  1 s 
Feed Cons ti tuent 
Gel 1 ulose 
Hemi c e l l  u l  ose 
ti gnin 
Polyethylene 
About 24 percent o f  the reactive feed carbon i s  aromatic, but  i n  the products 
about 42 percent o f  the carbon i s  aromatic. Substantial aromati zation has 
occurred. 
About two th i rds  o f  the oxygen contained i n  hemicellulose and one half  of 
tha t  i n  cel lulose ex is t  i n  hydroxyl groupings; and the remainder i s  bonded 
t o  carbon. I n  the products, however, two th i rds  of the oxygen appears as 
carbonaceous gases (CO and Con); the remainder i s  i n  water. 
CALCULATION OF SYSTEM EFFICIEt4CY 
Py ro l ys i s  has tne p o t e n t i a l  o f  generat ing surplus enerrly. That i s  t o  say, 
the c a l o r i f i c  value o f  the products exceeds the energy requ i red  t o  sus ta in  
t he  system. The development of py ro l ys i s  sys tems general ;y i s  moni tored 
by so-ca l led systems-eff i  ciency fac to rs .  These factors  i ndi  cate t he  per-  
centage o f  the i npu t  energy ava i l ab le  f o r  use outs ide o f  the system. I n  
t h i s  Appendix, methods are o u t l i n e d  f o r  comput.ation cf the  systems "fi- 
ciency (SE) as def ined by N K A  (JSC) f o r  use i n  t h i s  cont ract .  Values o f  
SE i nc l ud ing  the minimum are ca lcu la ted  f o r  rami f i  c a t i o r s  of the  oasi  c 
system. 
0.1 DEFINITION 
For the purposes o f  t h i s  cont ract ,  system e f f i c i e n c y  (SE) i s  def ined as 
f o l  lows : 
i n  which Qp i s  t he  useful energy t h a t  can be der ived from the pro- 
ducts ; 
QS i s  the energy requ i red  t o  operate the system; and 
QF i s  the usefu l  energy ava i l ab le  i n  the  feed. 
I n  fo l low ing  sect ions,  each o f  the terms comprising E ua t i on  B-1 i s  defined; 
and mean values o f  each are computed f o r  the PURETEC& system. 
8.2 USEFUL ENERGY AVAILABLE I N  THE FEED 
Table B-1 s u m r i t e s  the energy content o f  the  base l ine  feed used i n  t h i s  
program. The so-ca l led h igh  heat ing value (HHV) o f  the waste i s  5220 B t u / l b  
feed, whereas i t s  low hea t ing  value (LHV) i s  4987 B tu / l b .  I n  computing the 
system e f f i c iency  (SE) ,  es tab l i shed  convention was fol lowed; and the h igh 
hea t ing  value was used. Consequently, a lower SE i s  repor ted than t l l a t  ob- 
t a i nab le  from the  LHV. 
TABLE 0-1 
ENERGY CONTENT OF SIMULATED SOLID WASTE 
Contribution To 
Percent 
Component By Wei gh t 
Moisture 2 4 
Or ani c Substances 5 8 
qms t ~ y  newspaper) 
Iner ts  
Energy Contefit , 
B t u l l b  feed 
- 
* 
Assuming the l a t e n t  heat o f  vaporization i s  970 Btu l lb  H20. 
** 
Assuming the heat of combustion i s  9000 Btu/lb dry organic solids. 
0.3 ENERGY REQUIRED TO OPERATE THE SYSTEM 
To susta in pyro lys is  s u f f i c i e n t  heat must be added t o  the system t o  replace 
the heat l o s t  from the system. I n  add i t ion  some mechanical energy i s  re- 
qaired t o  operate the t ransport  mechanism and the a n c i l l a r y  g r ind ing  and 
s o r t i n g  equi pmnt.  (Generally t h i s  i s  suppl i e d  as e l e c t r i c i t y .  ) Expressed 
mathematically, q , the energy required t o  susta in the system, i s  the sum 
of the terms on tRe right-hand s ide o f  the fo l  lowing equation: 
The term q i s  re la ted  t o  Q , the energy required to  operate the system, by 
a f a c t o r  whose magnitude d f l e c t s  the ef f ic iency o f  burning fue l  gas i n  the 
radiant  heaters. This i s  discussed f u r t h e r  i n  the l a t e r  sect ion 0.3.6. 
I n  Equation 0-2, the symbols have the fo l lowing signif icance: 
qa heat l o s t  from the system by conduction. convection, and 
rad ia t i on  
q f sensible heat suppl ied t o  the feed; s p e c i f i c a l l y ,  the sen- s i b l e  heat o f  the dry organic and i n e r t  substances 
" 
heat consumed i n  evaporating water from moist feed 
9, heat consumed i n  chemi ca: react ions 
e 
energy converted t o  e l e c t n  LI +j  t o  operate various machinery 
Each o f  these terms i s  def ined fu r the r  i n  the f l l ow ing  subsections. Repre- 8 senta t i  ve values are c i t e d  f o r  the RRS PURETEC Pyrolys is  System. 
0.3.1 INSULATION LOSSES 
Energy i s  d iss ipated continuously from the system by na tura l  conduction, 
convection and rad ia t i on  t o  the arnbient. The furnace proper i s  insu la ted  
by thermal p ro tec t ing  materials to minimize these 1 osses. For convenience, 
these losses, q, can be expressed i n  terms o f  the weight o f  feed added t o  
the system. 
For example, a f u l l - s c a l e  u n i t  probably must t r e a t  200 tons d a i l y  of  muni- 
c ipa l  s o l i d  waste. The furnace proper would be about 25 f e e t  long, 80 feet 
width and 7-112 fee t  high. I t s  i nsu la t i on  w i l l  be i3-112 inch f i r e b r i c k .  
Losses from the u n i t  w i l l  no t  exceed 1.67 m i l l i o n  Btu/hr. I n  o ther  words, 
q t  = 100 Btu / l  b feed 
8.3.2 SENSIBLE HEAT OF M E  FEED 
Presently, co ld feed i s  added d i r e c t l y  t o  the p i l o t - p l a n t  pyrolyser.  Thus 
energy i s  consumed continuously i n  heat ing the feed t o  the operat ing 
temperature o f  the reactor. Two of the three components coniprising the 
sensible heat o f  the feed are discussed i n  subsections. The t h i r d - -  
steam--is discussed i n  the fo l low ing sect ion. 
a. Energy Consumed I n  Heating Organic Substances. 
The s p e c i f i c  heat o f  the organic substances i n  the sol i d  waste i s  assumed 
t o  be 0.3 Eitul lb. Therefore, qo, the sensible heat requirement i s  as 
f o l  1 ows : 
qo = mass x spec i f i c  heat x A T  
= 230 B t u l l b  feed. 
b. Energy Consumed I n  Heatinq I n e r t  Constituents. 
The s p e c i f i c  heat o f  the i n e r t  glass and metals i s  taken t o  be 0.2 B t u l l b .  
Hence, q i ,  the sensible heat requirement i s  as fol lows: 
= 50 Btu / lb  feed. 
8.3.3 ENERGY CONSUMED I N  EVAPORATING MOISTURE 
The evaporation o f  water t o  steam i s  the greatest s ing le  expenditure o f  
energy i n  pyro lys is .  Assuming tha t  water a t  70 OF i s  evaporated and super- 
heated t o  1400 O F ,  
= 410 B t u l l b  feed. 
B.3.4 ENERGY CONSUMED I N  THERMAL DECOMPOSITION OF THE ORGANIC COMPOUNDS 
The pyro lys is  o f  ce l lu lose,  the p r i nc ipa l  organic const i tuent  i n  the waste, 
i s  endothermic. The energy consumed i n  the thermal decor~lposi t i o n  o f  s o l i d  
waste has been estimated t o  be 700 Btu / lb  organic so l ids .  (See G. M. 
Mallatl and C. S. Finney, "New Techniques i n  the Pyro lys is  o f  S o l i d  Wastes", 
AIChE SymposiumSeries, Vol. 69, No. 133, 1973, p 59.) Using t h i s  value, 
405 B tu / l b  feed 
8.3.5 ELECTRICAL ENERGY REQUIRED TO OPERATE THE SYSTEM 
The la rges t  s ing le  expenditure o f  e l e c t r i c i t y  i s  the power consumption i n  
shredding the sol i d  waste. According t o  Ma1 lan  and Finney (_Oe Ctt  . ) , the 
shredding of s o l i d  waste t o  less than 2-inch fragments requires Bbovt 
45 hp hrs per  ton  (57.25 Btu / l  b) . I f  e l e c t r i c i t y  i s  generated on s i t e  from 
pyro lys is  gas, the  e f f i c i ency  o f  the conversion probably w i l l  be about 20 
percent. Consequently, gas equivalent t o  285 Btu w i l l  be consumed i n  shred- 
ding one pound o f  feed. For design purposes, l e t  
qe = 300 B t u l l b  feed. 
8.3.6 CALORIFIC VALUE OF THE FUEL GAS REQUIRED TO SUSTAIN PYROLYSIS 
The energy t o  susta in the system, Q i n  pract ice,  i s  obtained by burning a 
por t ion  of the gases produc-i i n  py? i lys is .  This i s  done i n  the rad ian t  
heaters i~ the roo f  o f  the furnace. Le t  us assume a 50% e f f i c i ency  i n  t h i s  
heat i  ng process. Then, 
Q~ = 2(qp + q f  + q, + q r j  + 9, 
= Z(1195) + 300 
= 2690 B t u l l b  feed. 
B .4 ENERGY CONTENT OF THE PRODUCTS 
Excluding water and carbon dioxide, the products o f  pyro lys is  are combus- 
t i b l e  substances. Table 3-5, which appears i n  Section 3 of the main repor t  
l i s t s  the energy content o f  the gases and vapors formed from ten p i l o t -  
p l a n t  tests ,  (on feed containing 24-pct moisture). These tes ts  were per- 
formed over a range o f  ccjndi t ions .  The mean value fo r  the c a l o r i f i c  con- 
t e n t  o f  the gases i s  2732 B tu / l  b. The vapors--benzene and toluene--have 
a po ten t i a l  f ue l  value o f  2082 Btu / lb  feed, according t o  the mean o f  the 
ten tes ts  1 i s t e d  i n  Table 3-5, Section 3. 
I n  add i t ion  t o  the gases and vapors, the char, ta rs  and o i l s  are po ten t i a l  
fuels. According t o  the mass balance presented i n  Appendix A, the wgan ic  
content o f  these minor products i s  equivalent t o  0.05 l b s l l b  feed. Assuming 
a w a n  heat o f  combustion o f  10,000 Btu / lb  organic sol ids ,  the useful  energy 
avai lab le i n  the char, ta rs  and o i l s  i s  as fo l lows:  
0.05 x 10,000 = 500 B t u l l b  feed. 
The t a t a l  useful energy avai lab le i n  the products i s  the sum o f  t h a t  con- 
ta ined i n  the gases, vapors and the carbonaceous res idual  sol ids .  I n  
other words, 
- 5315 B t ~ l l b  feed. 
0.5 MINIMUM SYSTEM EFFICIENCY 
I f  al '  o f  the products are u t i l i z e d  as f u e l ,  the system e f f i c i e n c y  i s  as 
f o l  lows : 
I n  o ther  words, the system i s  50 percent  e f f i c i e n t .  That i s  t o  say, o n l y  
50 percent  o f  the  produced energy i s  needed t o  sus ta in  the process. The 
remaining 50 percent i s  a v a i l a b l e  f o r  use ou ts ide  of  t he  system. 
Note t h a t  the c a l o r i f i c  value o f  the gases alone--excluding the vapors, 
benzene and to luene- - i s  more than s u f f i c i e n t  t o  sus ta i n  t he  system: t h e  
mean va lue o f  the gases i s  2732 B t u l l b ;  and t he  energy requ i red  t o  sus ta i n  
the system i s  2690 B t u l l b .  
8.6 OPTIMUM SYSTEM EFFICIENCY 
Improved per.formance can be achieved by u t i l i z i n g  the  sens ib le  heat of the 
f l ue  gases t o  evaporate a p o r t i o n  o f  the mois ture.  For example, suppose 
t h a t  the f l u e  gases are exhausted from the r a d i a n t  heaters through a duct  
surraundiny the e x t e r i o r  o f  the feed chute. Arranged i n  t h i s  manner, the 
feeder a lso  serves as a tunnel  d rye r .  Steam forms i n  the feeder and en te rs  
the py ro l yse r  w i t h  the waste, where i t  i s  u t i l i z e d  t o  f l u sh  the gases and 
vapors from the py ro l yz i ng  waste. Le t  us examine the  e f f i c i e n c y  o f  t h i s  
sys tem : 
( 1 )  According t o  the  F i f t h  E d i t i o n  o f  Pe r r y ' s  The Chemical 
Handbook (page 20-24), the  thermal e f f i c i e n c y  of a d ryer  w i  
mrn 20 t o  50 percent.  Le t  us assume t h a t  33 percent  e f f i  - 
ciency can be achieved i n  our tunnel  d r ye r  and t h a t  the tempera- 
t u r e  o f  the waste i s  225 O F  as i t  e x i t s  from the d ryer .  
( 2 )  If M i s  t he  mois ture remaining i n  the waste a f t e r  i t  has passed 
through the feeder-dryer, then the energy supp l ied  t o  the d r ye r  
can be expressed, i n  B tu / l  b feed, as f o l l ows  : 
a. S u ~ ~ l i e d  To Remsinina Moisture 
b. Expended i n  Evaporation 
(0.24 - M)[(h ) 2 2 5  - (hg)7.a] = (0.24 - M)(1155 - 38) 
v 
c. Suppl ied t o  Organic Substances 
0.58 x 0.3 x (225 - 70) = 27 
d. Suppl ied t o  I n e r t  Substances 
c. Total Energy Supplied t o  the Dryer (Sum o f  a,b,c and d l  
301 - 975M 
(3)  The radiant  heaters must s ~ p p l y  the fo l low ing energy ( i n  B t u l l b  
feed) : 
a. The :,eat Lost by Conduction, Convection and Radiation from the 
Sys tem 
b. Energy Required t o  Evaporate Remaining Moisture 
M[(hV)Iboo - (hL)r12]  = M(1745 - 180) = 1565M 
Energy t o  Superheat Incoming Steam 
d. Energy t o  Heat Organic Substances 
0.58 x 0.3 x (1400 - 225) = 204 
e. Enerqy t o  Heat I n e r t  Substances 
0.18 x 0.2 x (1400 - 225) = 42 
f. Total  Enerqy Supplied by Radiant Heaters (Sum o f  a,b ,c ,d and e) 
488 + 975M 
(4)  As the rad ian t  heaters have a thermal e f f i c i e n c y  o f  50 percent, 
the energy content o f  the f l u e  gases i s  equal t o  the energy 
suppl ied t o  the system by the radiant  heaters. Therefore, the 
energy balance fo r  the dryer  can be expressed by the fol low- 
equations : 
( 5 )  Solving the equation, 
I n  o ther  words, 54 percent o f  the moisture i s  evaporated i n  the 
feeder by energy suppl ied from the f l u e  gzses. 
(6)  Assuming t h a t  the fuel  value o f  the products i s  the same as i n  
the previous example ( c f .  Section 8.5) , the system ef f ic iency 
i s  as fo l lows:  
By u t i l i z i n g  the  sens ib le  heat o f  the f l u e  gases, the  system e f f i c i ency  has 
been increased t o  over  70 percent.  
I n  the foregoing ca l cu l a t i ons ,  t h e  symbol h denotes the entha lpy o f  water i n  
B tu  per  l b .  The subscr ip ts  L and v designate the l i q u i d  and vapor phases, 
respec t i ve ly .  The temperature o f  the  phase, i n  degrees Fahrenhei t ,  a l so  i s  
i nd i ca ted  by a subscr ip t .  Values f o r  the entha lpy were taken from 1. H. 
Keenan and F. G. Keyes, Therniodynamic p roper t ies .  c f  Steam, F i r s t  E d l t i o n ,  
John Wiley & Sons, Inc. .  New York, 1936, 89 pp. 
